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ABSTRACT
ENHANCEMENT OF VICARIOUS STRESS THROUGH PRIOR
ESTABLISHED BOND: DETERMINING THE ROLE OF
THE ARGININE VASOPRESSIN 1A RECEPTOR

Joshua Jonathan Wardwell, Ph.D.
Department of Psychology
Northern Illinois University, 2016
Angela J. Grippo, Dissertation Director

The experience of stress can have profoundly negative effects on overall
psychological and physiological health. It is also true that in social species,
interactions with others can have the power to either ameliorate or potentiate these
effects. As both stress levels and social interconnectedness rise within our world, it
becomes imperative for science to better understand the interactions between stress
and the social environment. In support of this goal, the purpose of the current study
was to investigate whether a prior established bond between two social animals
enhances the physiological and behavioral response to stress in a bonded partner
that does not directly experience a stressor, but rather observes another animal
directly experience the stressor in an extremely social species, the prairie vole
(Microtus ochrogaster). The current study also examined a possible neural
mechanism that could mediate the vicarious stress response and allow for such a
vicarious stress enhancement to occur. The focus of this investigation is the
nonapeptide arginine vasopressin (AVP), which is one of several chemicals that are
released when an organism experiences stress. This chemical helps an organism

cope with a stressor assisting in the ultimate increase in heart rate, blood pressure,
and the amount of energy available in the blood. These functions occur through
stimulation of numerous subtypes of AVP receptors that are located throughout the
body, performing various functions depending on the type and location of the
receptor. Interestingly, this chemical has also been shown to play a vital role in
other social and cognitive functions, such as enhancing bonding ability, and
increasing social recognition and memory. It was hypothesized that AVP is released
in organisms when they experience a stressor, even when the organism in question
experiences the stressor indirectly, or vicariously, through observing another
organism directly experience a stressor, and that if a prior bond exists between the
two animals in question, the stress response in an observer animal will be elevated
when compared to animals that are unknown to each other. Furthermore, we
hypothesized that this enhancement of vicarious stress occurs because AVP that is
released during the vicarious experience of stress inadvertently stimulates the AVP
receptors in the brain that are responsible for “reminding” the observer animal about
the prior established bond between the observer and the target. Therefore, when a
prior bond exists between the two animals, the stress response of the observer is
elevated due to the increased salience of the event, creating a positive feedback
loop, ultimately resulting in a net increase in physiological arousal in the observer.
Results of the current study failed to support either of these hypotheses however,
with no statistically significant differences in any of the key dependent measures of
stress response activation observed. However, secondary analyses provided

evidence for no habituation and even a slight sensitization to the testing apparatus
during the acclimation period of the experiment in this species, which is in stark
contrast to other species of rodent. Because no habituation to the testing apparatus
occurred, actual differences in stress response activation may have been obscured in
the “noise” of novel stimulus stress. This information provides a framework for the
future development of testing paradigms to address this issue, resulting in the ability
to draw stronger conclusions. A better understanding of vicarious stress and possible
mediating mechanisms might help to explain and prevent the spread of stress in
dyadic relationships, as well as within other social groups. Extension of the current
research will also provide a possible explanation (through individual variation of the
specific AVP receptor studied) that may help to elucidate why some people are more
susceptible to the negative effects of vicarious stress than others, and provide a possible
pharmacological target that could be utilized to protect the stress experienced by one
member of a dyadic relationship (i.e. depression, work stress) from harming those
closest to them.
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CHAPTER 1
INTRODUCTION

Stress is ubiquitous in modern American society. For instance, according to
the 2014 American Psychological Association’s “Stress in America” survey, 1 in 5
Americans report levels of “extreme stress” within the past year. Furthermore, 80%
of respondents report that stress levels increased or stayed the same over the past 5
years (American Psychological Association, 2014). Stress, and the body’s response
to it, has been honed through evolution to be highly effective at coping with most
stressors in the short term. This is accomplished through mechanisms such as
increasing the oxygen supply to the muscles in the limbs needed to fight or flee,
increasing the levels of glucose readily available for these muscles to use, and
halting expensive metabolic processes such as digestion to divert the energy
elsewhere until the crisis is managed.
While beneficial in the short term, the body’s stress response, when
activated chronically, is associated with many negative psychological and
physiological effects. These effects include major depression, anhedonia,
performance decline, increased aggression, and decreased immune function
(Beilock et al., 2004; Glaser & Kiecolt-Glasser, 2005; Grippo et al., 2007; Hammen,
2005; Sprague et al., 2011). A major effect of stress is cardiac dysregulation (i.e.
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increased resting heart rate, decreased heart rate variability, shifts in autonomic
balance) (Sgoifo et al., 2001). These effects of stress on the cardiovascular system
are especially disturbing, since according to the Centers for Disease Control (CDC),
heart disease, stroke, and hypertension are three of the leading causes of death in the
United States (Ranked 1st, 4th, and 13th, respectively) (Murphy et al., 2013).
Furthermore, this pattern of diseases of the cardiovascular system as the leading
causes of death in the U.S. has been observed for at least the last 60 years (Cooper
et al., 2000).
Humans are extremely socially connected and have been described as one of
the few “ultra-social” species (Richerson & Boyd, 1998). One of the reasons for this
high level of social connectivity could be our species enhanced ability to understand
the mental states and emotions of others (Singer & Lamm, 2009). Unfortunately,
this heightened ability to “feel” another’s emotions could lead to negative outcomes
when the stress experienced by one individual “infects” another. The concept that
the stress experienced by one individual can “vicariously” affect another has been
examined in humans (Carson et al., 2000; Vaughan and Lanzetta, 1980) and other
animals (Church, 1959; Langford et al., 2006). The effects of vicarious stress obtain
clinical relevance when we consider that, of the four possible sources of stress listed
in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM 5) required to diagnose post-traumatic stress disorder (PTSD), three involve
indirect exposure to a traumatic event (i.e. witnessing another individual
experiencing trauma, hearing about a close friend or relative experiencing trauma,
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or repeated indirect exposure to stranger’s trauma as part of one’s job) (American
Psychiatric Association, 2013).
While research has examined the phenomenon of vicarious stress, only
sparse studies have addressed how the type of the bond, or whether a bond between
the individuals being studied exists at all, will ultimately affect vicarious activation
in the observer. It was hypothesized in the current study that a prior established
bond between an individual directly experiencing a stressor and the observer would
enhance the vicarious stress response in the observer. In support of this, one study
found increased levels of cortisol, indicative of stress response activation, in
individuals observing a significant other as opposed to a stranger exposed to a
psychosocial stressor (Engert, Plessow, Miller, Kirshbaum & Singer, 2014). In
addition, it has also been shown in brain imaging studies that the area of the brain
associated with pain perception is more highly activated when watching a friend
experience social pain than when watching a stranger experience the same stimuli
(Beeney et al., 2011; Meyer et al., 2013).
Given the evidence that 1) the stress of one individual can vicariously affect
another individual and 2) a prior bond between the actor and observer of a stressful
situation will enhance the vicarious stress response in the observer, the question
then arises as to what the underlying mechanism responsible for these results could
be. When discussing the overlap between stress and social bonds, we can identify
possible chemicals that influence both the formation of social bonds and the
physiological response to stress. One candidate that may play a role in the
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underlying workings of enhanced vicarious stress is arginine vasopressin (AVP).
This nonapeptide is released during stress and potentiates the downstream hormonal
response through activation of the AVP 1b receptor (Douglas, 2005), but has also
been shown to have many cognitive and behavioral effects within organisms. These
include the enhancement of the encoding process of declarative memory (Born et al,
1999) and influencing the perception of what is considered stressful by an organism,
through adjustment of the salience of neutral stimuli as more threatening
(Thompson et al., 2004). In addition to the roles of AVP in memory, perception, and
the stress response, evidence exists for the involvement of this peptide in both
depression and anxiety disorders (Altemus et al 1992; De Kloet et al., 2008; Londen
et al., 1997; Purba et al 1996; Zhou et al 2001). Perhaps most important within the
context of the current experiment, AVP has been shown to play a pivotal role in the
formation of social bonds, through stimulation of the AVP 1a receptor (Lim &
Young, 2004).
The current experiment sought to elucidate two specific questions about
vicarious stress. First, is the physiological vicarious stress response enhanced when
a prior, non-kin bond exists between two individuals? The implications of this
experiment could have far reaching effects, helping to inform research examining
how stress can spread among close knit social dyads (e.g. spouses, friends, soldiers),
and how the chronic exposure to stress of one individual may negatively impact
those they love.
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Second, the current experiment sought to examine the role of the AVP 1a
receptor as a possible mediator of this proposed vicarious stress enhancement. As
was mentioned earlier, the AVP 1a receptor has been implicated as a crucial
component of bonding (Lim & Young, 2004). In addition to its role in bond
formation, AVP is also released in larger quantities within the brain in response to
stress (Douglas, 2005). Stimulation of AVP 1a receptors that occurs when AVP is
released in response to vicarious stress (i.e. witnessing another experience a
stressful event) may increase the salience of the stressful event in the observer
through a “processive” limbic stress pathway that involves higher-order processing
of sensory information in areas such as the prefrontal cortex, hippocampus, and
amygdala (Herman & Cullinan, 1997). The increased salience of the observation
would then increase the perception of stress in the observer, thus creating a positive
feedback loop, amplifying the overall stress response. While the current experiment
hypothesized that a blockade of the AVP 1a receptor would abolish any
enhancement of vicarious stress, it likely would only do so if a prior bond existed
between the observer and the individual being observed, as animals with no prior
bond would not have the increased salience to the vicarious observation of the
stress. This, ultimately, would lead to the bonded partner of an individual
experiencing stress, to receive many of the same negative effects of stress, without
direct experience.
Before beginning a discussion of the negative impacts of stress on wellbeing, it is important to have a basic understanding of the neuroanatomical,
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neurochemical, and hormonal components of an unperturbed stress response axis.
This review of a normally functioning stress response will provide the reader with a
better understanding of the mechanisms and consequences of stress response
alterations. Furthermore, it is also important to discuss how the stress response can
be adaptive in helping to keep the organism alive in the face of stress. By
understanding the adaptive nature of stress, we can better see how mismatches
between the evolution of physiology and the evolution of society and culture may
attribute to detrimental effects when a system designed for short-term use is
activated chronically. Thus, we will begin with a description of how the body
responds to stress in a normal functioning individual, and how the body’s response
to stress ultimately aids in survival.

Normal Physiological Function in Response to Stress

Stress has been defined as “a real or interpreted threat to the physiological or
psychological integrity of an individual” (McEwen, 2010). Using this definition,
one would be hard-pressed not to find stressful events present in every corner of the
modern world. The causes of stress could range from exposure to terrorist attacks,
war, or violent crime, to worry about job security and the ability to pay bills in a
fickle and constantly changing economy. Despite the vast array of sources of stress
that individuals can encounter on a daily basis, the body’s responses to these
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stressors are remarkably similar across the board, with only slight alterations found
that seem to be stressor specific.
Typically, the perception of stress by an individual initiates a cascade of
events that occur purportedly to increase the chances of the organism surviving the
stressor. In the broadest sense, when a stressor is encountered by an organism, the
sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA) axis
are activated. Immediately after a stressor is perceived, projections from the
paraventricular nucleus of the hypothalamus (PVN) initiate the immediate release of
catecholamines; specifically norepinephrine (NE) produced in the locus coeruleus
(LC) via the spinal cord, and epinephrine from the adrenal medulla, for rapid use
throughout the body (Reeder & Kramer, 2005; Swanson & Kuypers, 1980). The
release of catecholamines produces effects within the body that can immediately
help the organism fight or flee a stressor. This includes increasing heart rate, which
helps oxygen and glucose to be dispersed throughout the body more rapidly, as well
as increasing both respiration rate and diameter of airways, ultimately amplifying
the amount of oxygen taken into the body. Simultaneously to the immediate release
of catecholamines as a function of SNS activation, the PVN also initiates the slower
acting, but longer lasting, HPA axis. The first step of this process is when the PVN
secretes corticotropin-releasing hormone (CRH) from parvocellular neurons and
AVP from magnocellular neurons into the pituitary gland, which ultimately leads to
the release of adrenocorticotropic hormone (ACTH) from the pituitary directly into
the blood stream (Buckingham et al., 1997; Whitnall, 1993). ACTH then travels
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through the blood stream to stimulate further production and release of epinephrine,
NE, and glucocorticoids from the adrenal glands (Buckingham et al., 1997).
Glucocorticoids serve to increase glucose levels (i.e. energy) within the
bloodstream, as well as suppressing inflammatory effects of the immune system.
These two effects of glucocorticoids allow for sustained energy expenditure that
may be necessary to cope with a stressor, and as well as providing a pain
suppressing mechanism to continue to deal with a stressor even when an injury has
occurred (i.e. a bone broken while running from a predator).
Of the multiple chemicals released during the stress response, perhaps the
most important within the context of the current experiment is AVP. To begin with,
AVP has been shown to potentiate the action of CRH in ACTH release from
pituitary cells in vitro (Makara, 1992). The potentiating action of AVP has been
shown to occur, through activation of AVP 1b receptors of the pituitary (Bilezikjian,
Woodgett, Hunter, & Vale, 1987; Carvallo & Aguilera, 1989; Douglas, 2005).
While this is the standard stress pathway associated with AVP, axonal projections
are present that connect to diverse brain regions, including the amygdala and
hippocampus, which are regions typically associated with emotions and memory. In
addition, dendritic release into the extracellular space allows for diffusion of AVP
throughout the brain (Landgraf & Neumann, 2004). AVP not only acts within the
central nervous system, but is also released into the periphery and plays a role in
fluid regulation. This includes increasing blood pressure through the stimulation of
AVP 1a receptors, resulting in constriction of the vasculature, as well as decreasing
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urine production through stimulation of AVP 2 receptors found in the kidneys
(Douglas, 2005).
The multiple roles of AVP within the body (i.e. ACTH release potentiation,
blood pressure and fluid regulation), as well as other chemicals released in response
to stress, work in concert to help the organism adapt to stress. In fact, the acute
response to stress in vertebrates is extremely adaptive in the short term, providing
the body with the raw materials necessary to cope with the stressor at hand, whether
this is through fighting or running away from the stressor. These effects include the
reallocation of metabolic resources in the form of glucose to muscles that are
currently in demand (through the release of stored energy and gluconeogenesis),
increased cardiovascular function that enhances oxygen and glucose delivery to
muscle, and improvements in cognition resulting from higher rates of cerebral
perfusion and cerebral glucose use (Sapolsky, Romero, & Munck, 2000).
Some of the effects of chronic stress exposure are adaptive to the ultimate
survival of an animal, but these effects could be perceived as negative given the
context in which they are applied. For example, chronic stress exposure in rats prior
to conception has been shown to significantly decrease litter size (Lane & Hyde,
1973). This could be considered to be adaptive in the sense that the more stressful
the environment, the less likely offspring will survive (e.g. through lack of food,
high predator/prey ratio). Through lowering fertility rates, the chronic stress
response conserves vital nutrients and energy that would otherwise be spent on the
production of offspring that is likely not to survive. This adaptation could be
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considered negative in humans, when the stress perceived by the mother is not of a
physiological (e.g. famine, injury) but rather psychological in nature (e.g. stress
experienced through an anxiety disorder), preventing an otherwise physically
healthy female from being able to conceive when desired.
In conclusion, the perception of stress initiates a complex series of chemical
events that are remarkably preserved across various stressors. To accomplish this, a
vast network of neural structures communicate through excitatory and inhibitory
mechanisms in an attempt to provide a balanced physiological response that is in
direct proportion to the magnitude of the stress perceived. To investigate the
intricacies of the “normal” stress response further, we now turn our attention to the
neuroanatomical structures involved.

Neuroanatomy of the Stress Response

As was previously mentioned, a primary component of the HPA axis is the
PVN (Herman, Mueller, Figueiredo, & Cullinan, 2005). The medial parvocellular
neurons of the PVN are directly innervated by excitatory epinephrine and NE
containing fibers that originate in the nucleus of the solitary tract (NTS), the LC, as
well as the A1, A2, C1, C2, and C3 regions of the ventrolateral and rostral medulla,
respectively, as assessed through immunohistochemical, retrograde, and anterograde
axonal transport methods (i.e. dye that is injected into certain brain regions that is
mixed with chemicals that will travel through the axon, allowing for researchers to
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observe the nuclei connected to the region in which the dye was injected) in the rat
(Cunningham, Bohn, & Sawchenko, 1990; Cunningham & Sawchenko, 1988;
Sawchenko & Swanson, 1981). These excitatory inputs to the PVN appear to
directly influence release of CRH, as studies that have lesioned these connections
have observed a marked decrease in plasma ACTH and PVN c-Fos (a genetic
indicator of increased cell activity) in response to several different stressors (Alonso
et al., 1986; Li, Ericsson & Sawchenko, 1996; Sawchenko, 1988; Szafarczyk et al.,
1985).
The action of these excitatory catecholaminergic inputs appear to be
mediated by efferents from amygdaloid nuclei (Davis, 1992; Herman, Mueller,
Figueiredo, & Cullinan, 2005). Several of the amygdaloid nuclei have been shown
through retrograde tracing to directly project to the PVN (Silverman, Hoffman, &
Zimmerman, 1981; Tribollet & Dreifuss, 1981). As an example of the role played
by the amygdala in the stress response, it has been shown that electrical stimulation
of various amygdaloid nuclei elicit physiological characteristics that mimic stress
response activation, such as altering cardiovascular function (i.e. inducing either
brady- or tachycardia depending on the nuclei stimulated), alteration of respiration
rates, and the production of peptic ulcers (Applegate, Kapp, Underwood, & McNall,
1983; Bonvallet & Gary Bobo, 1972; Davis, 1992; Henke, 1980).
The amygdaloid nuclei primarily associated with the mediation of excitatory
effects are the central, medial, and cortical nuclei (Herman & Cullinan, 1997). For
instance, stimulation of the basomedial, medial, and posterior corticomedial nuclei
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results in an increase of plasma corticosterone in female rats (Dunn & Whitener,
1986). These results follow logically, given the information that acute exposure to
both swim and restraint stress increases c-Fos expression in both the medial and
cortical nuclei (Cullinan, Herman, Battaglia, Akil, & Watson, 1995).
In contrast, bilateral total amygdala lesions were shown to block the typical
ACTH and corticosterone increase in response to leg-break stress and
adrenalectomy (Allen & Allen, 1974; Allen & Allen, 1975), and specific lesioning
of the central and medial amygdaloid nuclei has been shown to block stress induced
increases in ACTH and corticosterone for several different stressors, including
acoustic stimuli, immobilization, and conditioned emotional response (Feldman,
Conforti, Itzik, & Weidenfeld, 1994; Van de Kar, Piechowski, Rittenhouse, & Gray,
1991). While lesions of various amygdaloid nuclei attenuate or abolish HPA axis
activation to a variety of stressors, it should be noted that bilateral lesions of the
amygdala did not block ACTH or corticosterone response to ether exposure in rats
(Allen & Allen, 1974).
AVP may modulate excitation of amygdaloid nuclei in response to stress.
This is important, as the amygdala has been associated with negative emotions, and
the projections of the central amygdala, have been shown to be instrumental in the
initiation of the autonomic response to fear (LeDoux, 2000). For instance, research
has shown that AVP enhances the excitatory response to several excitatory amino
acids (e.g. glutamate, aspartate, quisqualate) in the lateral septum of the rat, and that
this enhancement can last for several minutes after cessation of AVP administration
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(Joëls & Urban, 1984). Furthermore, Huber, Vienante, and Stoop (2005) showed,
through electrophysiological measurements of rat central amygdaloid nuclei in vitro,
that AVP increased activation in the central amygdaloid nuclei through action of
AVP 1a receptors, as this effect could be blocked by AVP 1a receptor antagonist, but
not by 1b or 2 receptor antagonists (Huber, Vienante, & Stoop, 2005). The current
experiment hypothesizes that AVP 1a receptors may be key mediators of an
enhancement of the physiological response to observing a bonded conspecific
directly experience a stressor. Increased activation of the amygdaloid nuclei through
AVP potentiation may increase the negative affective component of observing a
bonded other experience stress.
Taken together, these studies show that the medial, central, and cortical
nuclei of the amygdala play a vital role in moderating the physiological response to
certain stressors. Specifically, the work by Allen & Allen suggests that the
amygdaloid nuclei may play a role in stressors that have an emotional component,
but are ultimately non-life threatening (e.g. a broken leg), however these nuclei may
not be necessary to elicit a response when the stressor is systemic and could result in
loss of life (e.g. ether inhalation). The previous research discussed also points to a
large role played by AVP 1a receptors in the central amygdaloid nuclei, which have
been shown to be critical for the stress response to stressors with an affective
component (e.g. acoustic startle, immobilization). As the current experiment deals
with the arguably affective aspect of vicarious exposure to a bonded other directly
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experiencing a stressor, it is logical to conclude that the amygdaloid nuclei may play
a role in this type of stress.

The Cardiovascular Stress Response

A key component of the physiological stress response is the cardiovascular
system. The vast majority of chemicals associated with stress response activation
are shuttled through the body via the bloodstream (e.g. ACTH, glucocorticoids).
Furthermore, increases in cardiovascular functioning leads to increased gas
exchange from cells and increased glucose distribution.
Primary cardiovascular control is achieved through constant, dual
innervation of the sympathetic nervous system (SNS) and parasympathetic nervous
system (PNS), which are the two branches of the autonomic nervous system (ANS).
This control is accomplished through direct, neurochemical, and hormonal
stimulation of the heart and vasculature (Paton et al., 2005). Demonstration of this
dual control was shown by simultaneous activation of sympathetic and vagal fibers
to the heart in anesthetized dogs. During this experiment, representation of each
branch was altered in response to various physiological challenges (e.g. decreased
ventilator volume), without complete withdrawal of either branch (Kollai &
Koizumi, 1979). Under normal circumstances, balance is achieved through
alterations in influence exerted by each of these branches. These alterations are in
response to, and meet the demands of, environmental or somatic homeostatic
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challenges. Some of the major neuroanatomical structures associated with
autonomic cardiovascular control include the hypothalamus, specifically the PVN,
the pituitary gland, the dorsal vagal complex (which includes the NTS and the
dorsal motor nucleus), the rostral ventrolateral medulla, the central ventrolateral
medulla, the intermediolateral cell column of the spinal cord (IML), the parabrachial
nucleus, the bed nucleus of the stria terminalis, the supraoptic nucleus, the
subfornical organ, and baroreceptors located within the vasculature. As the current
experiment focuses primarily on vasopressinergic mechanisms, we will focus on
two brain structures in which AVP plays a vital role: the hypothalamus and the
NTS.
The hypothalamus is critical for survival as it controls behaviors such as
feeding, drinking, mating, and the sleep/wake cycle. The hypothalamus also uses
information from both inside and outside of the body to regulate homeostasis
through the ANS (Martin, 2003). The hypothalamus accomplishes its ANS
regulation primarily through the PVN. The PVN is organized in three dense clusters
of magnocellular neurons surrounded by five distinct clusters of parvocellular
neurons. Magnocellular cells of the PVN project primarily to the pituitary, while the
parvocellular division project to the dorsal vagal complex (i.e. the NTS and the
dorsal motor nucleus) and spinal cord, as discovered through retrograde fluorescent
transport in the rat (Swanson & Kuypers, 1980). It was shown that 10-15% of cells
in the rat PVN contain neurons that innervate both parasympathetic and sympathetic
preganglionic neurons in the medulla and spinal cord (Iversen, Iversen, & Saper,
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2000; Swanson & Kuypers, 1980). The PVN influence over SNS activity occurs
through projections to the IML, which has been established through retrograde
axonal transport of horseradish peroxidase (a method used to amplify the detection
of connections between the two targeted regions) in the cat, and pressor regions of
the rostral ventrolateral medulla, which has been shown through retrograde transport
of microspheres tagged with fluorescent rhodamine (another method to visualize
axonal connections between target regions) in the rat (Kuypers & Moisky, 1975;
Shafton, Ryan, & Badoer, 1998). These pieces of neuroanatomical evidence suggest
that the PVN can directly influence SNS activity through the IML or indirectly
through the rostral ventrolateral medulla, or through stimulation of both, as is the
case when the body detects decreases in blood volume (Badoer, 2001; Badoer,
McKinley, Oldfield, & McAllen, 1992; Badoer, McKinley, Oldfield, & McAllen,
1993; Badoer, McKinley, Trigg, & McGrath, 1997).
The influence the PVN has over the PNS comes from projections to the
dorsal vagal complex (i.e. the dorsal motor nucleus of the vagus and the NTS)
(Sawchenko & Swanson, 1982). The PVN also receives several NE connections
from the hindbrain. Projections from A1 cells tend to be directed to the
magnocellular division of the PVN, an area known to contain primarily AVP
neurons, while A2 area projections terminate in the parvocellular division in areas
with high concentrations of CRH neurons (Cunningham & Sawchenko, 1988).
While the PVN receives several inputs from the hindbrain, it also receives input
from forebrain nuclei that terminate in parvocellular sections of the nucleus.
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Research has shown direct PVN innervation from most areas of the hypothalamus
(except the supraoptic nucleus, the subfornical organ, and the bed nucleus
(Sawchenko & Swanson, 1983). Taken together, these pieces of evidence show that
the PVN is not only vital to the initiation of the hormonal aspect of the stress
response (as a first step in the HPA axis), but also plays a direct role in
cardiovascular control of the stress response.
Another key component of cardiac control is the NTS. The NTS receives
visceral input from cranial nerves VII (facial), IX (glossopharyngeal), and X
(vagus). Using this information, the NTS is able to modulate ANS function through
projections that control simple autonomic actions, such as vagal control of heart
rate, as well as coordinating autonomic function with behavioral responses brought
about by the hypothalamus. For example, the glossopharyngeal input provides
information from the baroreceptors found in the vasculature. These receptors are
triggered by the stretch of blood vessels, and thus measure total peripheral
resistance to the flow of blood. If pressure is too high, information from the
baroreceptors is sent to the NTS, and the NTS, through glutamatergic mechanisms,
stimulates the central ventrolateral medulla, which in turn, through GABAergic
mechanisms, diminishes the action of the rostral ventrolateral medulla, which is a
key component of the SNS. The overall effect would then be a decrease in both
blood pressure and heart rate (Guyenet, 2006).
The sensory outflow from the NTS is relayed before reaching forebrain
structures through the parabrachial nucleus (Iversen, Iversen, & Saper, 2000). In
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1980, Talman, Perrone, and Reis attempted to determine the main neurotransmitter
utilized by the NTS. Injection of L-glutamate into the NTS lowered blood pressure,
decreased heart rate, and decreased breathing rate. This mimicked the effect of
stimulation of the baroreceptors. The authors proposed that glutamate might be the
neurotransmitter utilized by the baroreceptors (Talman, Perrone, & Reis, 1980).
Neurons sensitive to AVP have been observed in the rat NTS. Nearly half
(45%) of neurons investigated by single-unit recordings of brainstem slices
increased firing rates in a concentration dependent manner when exposed to AVP.
This action was suppressed by an AVP antagonist and was mimicked by AVP
agonist. Specifically, it was found that the receptors located primarily in the
rostrocaudal area of the NTS were of the 1a receptor subtype, as binding of 3Harginine vasopressin was displaced by a 1a receptor agonist, but was unaffected by a
type 2 receptor agonist, meaning that selective AVP 1a agonists had a higher affinity
for receptors than endogenous vasopressin, while AVP 2 agonists did not
(Raggenbass, Tribollet, Dubois-Dauphin, & Dreifuss, 1989).
Taken together, these studies suggest that projections of the parvocellular
neurons of the PVN (which have been shown to contain AVP producing neurons) to
the NTS may play an inhibitory role in cardiovascular function. This would be
achieved through AVP enhancing the excitatory action of glutamate [which it has
been shown to do (Joëls & Urban, 1984)], and thus increasing the inhibitory action
of the NTS. The stress response to certain stimuli is not necessarily uniform; such is
the case when freezing to avoid being seen by a predator. The actions of such tasks
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require what has been termed “quiet vigilance” and can actually result in a decrease
of heart rate (Sapolsky, Romero & Munck, 2000). The action of AVP that is
released during stress at the level of the NTS could explain this phenomenon.
In conclusion, cardiovascular control is accomplished through constant dual
actions and reactions of the SNS and PNS, altering the tone of each specific branch
to match the amount of cardiovascular activation required to cope successfully with
a specific event. Two key neuroanatomical components of cardiovascular control
that are associated with vasopressinergic mechanisms are the hypothalamus,
specifically PVN, and the NTS. The PVN plays a role in SNS control, increasing
heart rate in response to various homeostatic challenges through control of the IML
and rostral ventrolateral medulla. The PVN also plays a large role in reduction of
cardiovascular activity (i.e. control of the PNS) through its connections to the dorsal
motor nucleus and the NTS. Excitation of the NTS by glutamatergic and/or
vasopressinergic potentiated mechanisms results in decreased heart rate and blood
pressure in response to increases in blood pressure brought about through SNS
activation, assuring balance is restored after the stressor has passed.

Neurochemicals and Hormones of the Stress Response

Neuroanatomical structures accomplish the work of the stress response
through release of several key chemicals including serotonin, glutamate, GABA,
and epinephrine. Within the context of the current experiment, four specific
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chemicals are of particular importance. NE and ACh are the primary
neurotransmitters associated with cardiac control, which is a major dependent
outcome measure of stress response activation in the current paradigm. In addition,
we will discuss the roles of CRH and AVP in this section, as these chemicals are
primary secretagogues of corticosterone, which will be measured as a hormonal
indicator of stress response activation in the current experiment.
As was discussed previously, perception of a variety of stressors by an
organism can increase heart rate and blood pressure through activation of the SNS.
Immediate increase of cardiovascular parameters is accomplished through the
release of NE. NE stimulates heart rate and increases the force of ventricular
contraction (increasing blood pressure within the vasculature) through stimulation
of β-adrenergic receptors, which activates L-type calcium channel currents in the
muscle through cyclic adenosine monophosphate second messengers, reducing the
firing threshold of the muscle fibers (Iverson, Iverson, & Saper, 2000). In addition,
the action of NE as an excitatory activator of the HPA stress response also appears
to be dependent on stimulation of β-adrenergic receptors, as animals exposed to
ether, with a blockade of this receptor, exhibited attenuated ACTH levels in
response to the stress (Szafarczyk, Malaval, Laurint, Gibaud, & Assenmacher,
1987). This study shows that NE is vital not only to immediate increase in blood
circulation, but also important as a key stimulatory agent to increase HPA axis
activity.
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In direct opposition to the stimulatory cardiac effects of NE, ACh, released
from parasympathetic nerve terminals slows heart rate by stimulating muscarinic
receptors in the sinoatrial and atrioventricular nodes of the heart. This increases
potassium conductance and hyperpolarizes sinoatrial cells, which slows
conductance through the atrioventricular node, as well as gating potassium channels,
via G protein. ACh also increases the firing threshold in opposition to NE, and
decreases intracellular cyclic adenosine monophosphate, negating NE effects on Ltype calcium current (Iversen, Iversen, & Saper, 2000). This places ACh as the
primary neurotransmitter to counteract the excitatory cardiac effects of NE.
In addition to the immediate physiological effects of NE released with SNS
activation, a slower, longer lasting mechanism to increase physiological arousal is
also initiated through the HPA axis, with the first secretagogue being CRH. CRH
plays a strong role in the physiological stress response through stimulation of the
release of ACTH and catecholamines. The effects of CRH are not limited to the
brain however. For instance, research in dogs has shown that intracerebroventricular
injection of CRH increases blood pressure and heart rate, as well as plasma levels of
AVP and catecholamines. Interestingly, CRH administered intravenously decreases
arterial blood pressure, but still elevates heart rate (Brown & Fisher, 1983). This
suggests that CRH plays a role in the periphery in addition to its actions in the
central nervous system.
In addition to CRH, and as a matter of particular importance in the context
of the current experiment, AVP is central to HPA axis function. As an overview,
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AVP is a nine amino acid neuropeptide, differing in only two specific amino acids
from oxytocin. These two hormones are so similar that AVP has been shown to be a
complete or partial agonist at oxytocin receptors (Barberis, Mouillac, & Durroux,
1998) and oxytocin has been shown to have agonistic effects at both the AVP 2 and
AVP 1b receptors (Chou, DiGiovanni, Luther, Lolait, & Kneeper, 1995; Link,
Dayanithi, Fohr, & Gratzi, 1992; Schlosser, Almeida, Yassouridis, & Elands, 1994).
AVP is produced by magnocellular neurons of the PVN and the supraoptic nucleus.
These neurons project to the posterior pituitary where the hormone is stored and
then released into the periphery (Douglas, 2005). The primary functions of AVP
include fluid regulation within the body (hence AVP’s other name, “antidiuretic
hormone”) via AVP 2 receptors, and regulation of blood pressure through the
constriction of smooth vascular tissue, via AVP 1a receptors located in the
vasculature. As was previously mentioned, AVP potentiates the action of CRH on
the release of ACTH, ultimately affecting the downstream release of
glucocorticoids. This is accomplished via AVP 1b receptors located in the pituitary
(Douglas, 2005). AVP also serves important functions that are not necessarily
related to the stress response, such as bonding, including social recognition,
enhancement of declarative memory, and increasing the perception of stimuli as
threatening (Born, Pietrowsky, & Fehm, 1999; Dantzer, Koob, Bluthe, & Le Moal,
1988; Donaldson & Young, 2008; Thompson et al., 2004). These effects will be
discussed later in greater detail.
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The next step of the HPA axis in response to stress following the secretion of
CRH and AVP is the release of ACTH from the pituitary into the bloodstream.
ACTH is stored in corticotroph cells found in the anterior pituitary gland and is
released into the bloodstream as a result of AVP 1b receptor potentiated stimulation
of the CRH 1 receptor (Bicknell, 2010; Pecoraro & Dallman, 2010). Circulating
plasma ACTH then stimulates glucocorticoid release from the zona fasciculata of
the adrenal cortex, as well as production of P450scc, which is a key mitochondrial
enzyme responsible for the ultimate biosynthesis of steroid hormones in mammals
(Hanukoglu, Feuchtwanger, & Hanukoglu, 1990; Pecoraro & Dallman, 2010). This
means that ACTH initiates not only the release of glucocorticoids and
catecholamines, but also their production within the adrenals.
The current experiment seeks to measure circulating plasma levels of
glucocorticoids as reliable measures of HPA axis, and by extension, stress response
activation. Glucocorticoids, typically cortisol in humans and corticosterone in
rodents, have been shown to have vast and varied effects throughout the body.
These effects have been conceptualized as “permissive” (as is the case that
glucocorticoids “permit” catecholamines and vasoconstrictors to exert their full
effects on the cardiovascular system), “stimulatory” (evidenced by glucocorticoids
role in elevating circulating levels of glucose through enhancing lipolysis, which is
the extraction of glucose from fat cells, glycogenolysis, which is the breakdown of
the storage molecule glycogen to glucose, and gluconeogenesis, which is the
production of glucose from various carbon substrates), “suppressive” (as is the case
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of “turning off” the vasoconstriction mechanism in response to hemorrhage), or
“preparatory” for the next stressor (as is the case when metabolically expensive
processes such as reproduction are suppressed in the face of a stressor; Sapolsky,
Romero, & Munck, 2000).
In conclusion, the physiological states associated with the stress response are
orchestrated through the release of several key chemicals and hormones.
Catecholamines released by the SNS serve to activate physiological arousal that
may be necessary to “fight” or “flee” a particular stressor, such as increases in heart
rate and blood pressure, with NE representing the primary chemical of immediate
use for cardiovascular and airway effects. As a counterbalance to this mechanism,
the PNS utilizes ACh to slow heart rate and return the system to baseline levels.
Simultaneous to the activation of the SNS is the HPA axis. This series of chemicals
(e.g. CRH, AVP, ACTH, glucocorticoids) are released in various concentrations to
meet the physiological demands posed by specific stressors (i.e. systemic vs.
extrinsic stressors). The ultimate goal of these chemicals is to allow the organism to
immediately adapt to the stressor at hand, as is the case of increasing the amount of
energy and oxygen available while running to escape from a predator, and preparing
the organism for the possibility of the continuation of the stressor, as would be the
case with decreased fertility in response to famine. While adaptive in many cases,
some instances in stress in certain individuals can become maladaptive. To examine
this further, we now turn to physiological dysfunction found as a result of stress
exposure.
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Physiological Dysfunction Associated with Stress

As was previously stated, exposure to an acute stressor in a normally
functioning organism will lead to a cascade of physiological responses, including an
increase in heart rate and blood pressure, as well as a shuttling of blood to skeletal
muscle, in an attempt to circulate oxygen and glucose to the areas needed to address
the stressor (Herd, 1991). In the short term, these responses to stress can be
beneficial to the organism, providing the raw material necessary to regain
homeostatic balance. Under chronic stress however, imbalance of these mechanisms
can occur, resulting in neuroanatomical, cardiovascular, neurochemical, hormonal,
and immune dysfunction. For instance, stress has been associated with the increase
in inflammatory diseases such as asthma and ulcerative colitis (McEwen & Stellar,
1993), as well as elevations in resting heart rate, hypertension, exaggerated
amplitude and duration of physiological activation in response to an acute stressor,
and decreased heart rate variability, all of which have been shown to be risk factors
for cardiovascular disease (Fox et al., 2007; Grippo, 2009; Grippo & Johnson, 2009;
Merz et al., 2002). The cardiovascular implications of stress exposure are especially
relevant, not only in the context of the current experiment (as cardiac measures
serve as a major dependent measure of stress response activation) but also because
dysfunctions of the cardiovascular system are among leading causes of mortality in
the United States (Murphy et al., 2013)
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Neuroanatomical Changes Associated with Stress

The experience of chronic stress has been shown to alter stress hormone
production within the brain. For instance, experiments that utilized either chronic
footshock or an unpredictable stress paradigm (i.e. immobilization, vibration,
isolation, crowding, swim stress, etc.) found increases in both CRH and AVP
mRNA within the PVN, resulting in a baseline increase in ACTH and
glucocorticoid levels, as well as adrenal hypertrophy (Herman, Adams, Prewitt,
1995; Sawchenko, Arias, & Mortrud, 1993). This information obtains clinical
relevance when we consider that levels of CRH and AVP mRNA have found to be
elevated in the PVN of patients diagnosed with Alzheimer’s disease and major
depressive disorder (Raadsheer et al., 1995; Raadsheer, Hoogendijk, Stam, Tilders,
& Swaab, 1994). This information leads to the logical conclusion that stress, if not a
significantly contributing factor, is at least associated with these debilitating
diseases.
The experience of stress not only increases the capability of neurons in the
brain to release stress hormones, but it has also been shown that long-term exposure
to stress hormones themselves can alter the neuroarchitecture. As was discussed
previously, the acute experience of stress increases circulating plasma levels of
glucocorticoids through HPA axis activation. Not surprisingly, chronic stress
typically is associated with chronic elevations in circulating glucocorticoids.
Evidence suggests that chronic glucocorticoid exposure damages the hippocampus,
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which could ultimately lead to memory and/or cognitive impairment, as the
hippocampus is the primary region associated with new memory formation. It has
been shown in monkeys that animals with lower social status (and thus higher levels
of chronic stress) exhibited decreased quality and quantity of hippocampal cells
when compared to similar animals not exposed to stress (Uno, Tarara, Else,
Suleman, & Sapolsky, 1989). In addition, a study in rats found that chronic injection
of glucocorticoids to lead to a significant loss of neurons of the CA3 area of the
hippocampus (an area associated with both episodic and spatial memory), in a
manner similar to much older rats that were not injected, meaning that chronic
glucocorticoid exposure results in premature aging of the brain (Nakazawa et al.,
2002; O’Keefe & Nadel, 1978; Scoville & Milner, 1957; Sapolsky, Krey, &
McEwen, 1985). Given these results, it is not surprising that individuals suffering
from PTSD exhibited a marked reduction in hippocampal volume when compared
to matched healthy controls (Bremner et al., 1995).
Taken together, the studies discussed above provide evidence for increases
in the production of CRH and AVP in response to stress. The increase in the
production and release of these chemicals ultimately leads to an increase in
glucocorticoid levels. Not only does stress affect the brain by increasing the ability
of neurons to produce these chemicals, but chronic exposure to the chemicals
produced (i.e. glucocorticoids) can actually affect the brain through degeneration of
the hippocampus, thus resulting in memory deficits and possible cognitive decline.
This is relevant within the context of the current experiment, in that an individual
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that is chronically vicariously exposed to the stress of a partner may exhibit these
same increases in chemical production, and thus may experience the same negative
consequences of direct stress exposure.

Cardiovascular Dysfunction Associated with Stress

Neuroanatomical changes and dysfunction are not the only physiological
changes associated with stress exposure. A major area of study examines the link
between psychological stress and cardiovascular dysfunction. One of the ways this
association is studied through bereavement, which is arguably one of the most
intense stressors experienced by human beings, and directly relates to the social
nature of the current experiment (i.e. examination of bonded individuals). For
instance, in a study conducted by Kaprio, Koskenvuo, & Rita (1987) of nearly
100,000 individuals, time and cause of death of partners were examined in
individuals suffering from bereavement. In the one-week period immediately
following the death of a spouse, mortality from natural causes was over twice the
rate expected. The relative risk of mortality from ischemic heart disease in
bereavement was shown to be even higher than the rates of all natural causes, with
men exhibiting an increase of 2.3 times the expected amount, and women displaying
a risk of 3.5 times the expected amount (Kaprio, Koskenvuo, & Rita, 1987).
Chronic stress in the form of bereavement is not the only type of stress that
can have deleterious effects on cardiovascular function. Acute stress has been
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shown to have drastic effects on cardiovascular health as well. A vast literature
exists in which the experience of psychological stress (in the form of survival of a
major earthquake) and cardiovascular dysfunction has been examined (for review,
see Dimsdale, 2008). Studies from both the United States and Asia have shown that
the psychological stress caused by the experience of a natural disaster, in the form
of a major earthquake, can increase heart rate and blood pressure, decrease heart rate
variability through parasympathetic withdrawal, increase risk of pulmonary
embolism, and increase overall risk of cardiac death (Dimsdale, 2008).
Acute stress does not have to be as extreme as a natural disaster to elicit a
cardiovascular response. Milder forms of acute stress, such as that found in the form
of examination in university students, have been associated with elevations in blood
pressure, heart rate, and sympathetic sinoatrial modulation, as well as a decrease in
baroreflex sensitivity. Furthermore, these cardiac effects show a significant positive
correlation with circulating cortisol levels (Lucini, Norbiato, Glerici, & Pagani,
2002). When paired with prior chronic stress exposure, acute stress can result in
serious negative consequences. For instance, Wittstein and colleagues (2005) found
drastically higher circulating levels of epinephrine, NE, and dopamine in patients
that suffered from cardiac stunning (i.e. a temporary loss of proper cardiac
contraction) in response to acute extreme stress exposure when compared to similar
patients that suffered only infarction. This finding led to the conclusion that
overactive sympathetic drive prior to stressor onset may be responsible (Wittstein et
al., 2005). In addition, it was found that in women exposed to stress, a higher pre-
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stress level of cortisol was associated with higher heart rate and lower vagal activity
during baseline, stress, and recovery phases of an acute stressor conducted in a
laboratory setting. This may be a result of individual differences in personality
however, as women of this study that displayed higher levels of submission, when
compared to more dominant women, showed increased acceleration of heart rate
and higher withdrawal of vagal cardiac control (Pico-Alfonso et al., 2007).
Cardiac and endocrine perturbations as a result of chronic stress exposure
followed by acute stress exposure have also been demonstrated in animals. Utilizing
prairie voles in several experiments, Grippo et al. (2007) found significant
elevations in a stress hormone (oxytocin) in female animals exposed to four weeks
of social isolation, when compared to animals that remained paired with a same-sex
sibling. In a second experiment, female animals exposed to chronic social isolation
and an acute social stressor (resident-intruder) exhibited several significantly
elevated stress hormones, including oxytocin, ACTH, and corticosterone. In a
separate study, social isolation was shown to significantly increase resting heart
rate, decrease heart rate variability, and exaggerate cardiac activity in response to a
resident-intruder stressor (Grippo et al., 2007; Grippo, Lamb, Carter, & Porges,
2007). Taken together, these results suggest that not only does the chronic exposure
to stress lead to increased basal levels of stress hormones, but also to exaggerated
physiological activation in response to a stressor. In simpler terms, long-term stress
sensitizes the physiological stress response so that activation will occur at the
slightest provocation. This would mean that people that are stressed chronically

31

would be more likely to perceive new (and possibly neutral) events as more stressful
than they would if not chronically stressed.
The mechanisms underlying the negative cardiovascular effects of stress are
not completely clear. One line of research has examined shifts in autonomic balance
in response to stress. There is evidence to suggest that stress can both increase
sympathetic cardiac tone and decrease parasympathetic (vagal) cardiac tone.
Research in rats has shown that restraint stress leads to tachycardia, with in initial
increase of 174 beats per minute that slows to an increase of 61 beats per minute
from baseline. The effects of the initial increase were shown to be abolished with a
muscarinic blockade (a method of blocking parasympathetic cardiac, i.e. vagal
control) and the sustained increase was shown to be abolished through blockade of β
receptors (a method of blocking sympathetic cardiac control; Ngampramuan,
Baumert, Kotchabhakdi, & Nalivaiko, 2008). With consistent stress exposure
leading to a withdrawal of parasympathetic tone and an increase in sympathetic
tone, the net result is an increased resting heart rate. This finding is especially
disturbing considering that increased resting heart rate has been shown to be a major
predictor of cardiovascular disease formation (Palatini & Julius, 2004).
In conclusion, these studies provide evidence that chronic stress, which can
be conceptualized as the temporal succession of multiple acute stressors, can
increase several risk factors associated with cardiovascular dysfunction, including
hypertension and altered autonomic balance. Furthermore, stressors that are chronic,
but mild in nature, may build with an additive effect, leading to decreased cardiac
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resistance to failure in the face of a major acute stressor. This is important within the
context of the current experiment, as chronic stress experienced by one of a bonded
pair could ultimately weaken resistance, and enhance the reaction to an acute
stressor, resulting in an increased chance of mortality.

Neurochemical and Hormonal Changes Associated with Stress

While the experience of stress can negatively alter neuroarchitecture and
cardiovascular function, the neurochemicals and hormone levels that are associated
with these functions can also be altered in the face of chronic stress exposure. The
major chemicals of particular interest within the context of the current experiment
include AVP, CRH, ACTH, and glucocorticoids. Basal levels of these chemicals
can increase as a result of chronic stress exposure. In addition, the release of these
chemicals is exaggerated in chronically stressed individuals exposed to an acute
stressor.
As AVP is of primary focus in the current experiment, we will begin with
research that has examined the effects of various types of stress on AVP. To start,
levels of AVP expressing neurons of the hypothalamus are increased in depressed
individuals. In a study conducted by Purba and colleagues (1996), post mortem
brain tissue of the PVN in patients with major depression and bipolar depression
was fixed and stained for AVP and compared to healthy controls. Results showed a
56% increase in AVP immunoreactive neurons in patients with mood disorders
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compared to controls, with no differences observed between individuals with major
depression and bipolar depression (Purba, Hoogendijk, Hofman, & Swaab, 1996). In
addition, elevated levels (1.5 times that of controls) of AVP immunoreactive
neurons (i.e. neurons that contain AVP) were found in the suprachiasmatic nucleus
of depressed patients (Zhou et al., 2001). It would be reasonable to hypothesize that
elevations in neurons expressing AVP in depression would also lead to increased
levels of AVP in the plasma of such patients. In fact, circulating plasma levels of
AVP were found to be significantly elevated in patients with major depression
compared to healthy controls. Due to the potentiating action of AVP on ultimate
glucocorticoid release, it is not surprising that plasma levels of glucocorticoids (i.e.
cortisol) were also found to be elevated in these patients when compared to controls
(Londen et al., 1997).
Depression is not the only psychological disorder associated with elevated
AVP levels. For instance, in a study conducted by de Kloet and colleagues (2008),
plasma levels of AVP were compared among trauma exposed veterans diagnosed
with PTSD, trauma exposed veterans without a PTSD diagnosis, and healthy
controls. Results showed that veterans with PTSD displayed significantly higher
levels of plasma AVP. Interestingly, no differences in AVP were observed between
trauma exposed and healthy controls (de Kloet, Vermetten, Gueze, Wiegant, &
Westenberg, 2008). This suggests that stress in and of itself may not be sufficient to
produce long lasting alterations in AVP levels, but rather stress, plus an inability to
effectively cope (as evidenced by the presence of psychological disorder), may be
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necessary to achieve the results observed. Without controlled experiments of PTSD
induction however, it may not be possible to draw firm conclusions as to whether
PTSD causes elevated plasma AVP levels, or vice-versa.
CRH levels have also been shown to be altered by the experience of stress.
Studies have found increased levels of CRH in cerebral spinal fluid in depressed
patients, suicide victims, and individuals diagnosed with PTSD, when compared to
healthy controls and individuals with other psychological disorders (Aratό, Bánki,
Bissette, & Nemeroff, 1989; Aratό, Bánki, Nemeroff, & Bissette, 1986; ;
Arborelius, Owens, Plotsky, & Nemeroff, 1999; Bremner et al., 1997; Nemeroff et
al., 1984).
The role of CRH in stress, depression, and anxiety appears to be mediated
through stimulation of the CRH 1 receptor, as administration of antagonists reduce
depression and anxiety-like behaviors in both humans and animals (Dautzenberg &
Hauger, 2002; Skutella, Probst, Renner, Holsboer, & Behl, 1998; Zobel et al.,
2000). In addition, CRH 1 knockout mice show decreased anxiety-like behavior
when compared to controls (Smith et al., 1998; Timpl et al., 1998).
Given the evidence of increased CRH and AVP as a result of chronic stress
and/or disease, it should not be surprising that evidence exists for elevated levels of
ACTH in stressed individuals. For instance, a study conducted by Heim and
colleagues (2000), examined females with a history of early life stress, in the form
of physical or sexual childhood abuse, and how these individuals would respond to
an acute psychosocial stressor in the laboratory. Results showed that women with
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early life stress exhibited elevated plasma levels of ACTH, both with and without
current depression, when compared to controls with neither childhood abuse nor
current depression, and controls with no prior childhood abuse, but current
depression, in response to stress. Interestingly, only women with both prior abuse
exposure and depression showed significantly elevated plasma cortisol levels, while
women with early life stress and no current depression displayed levels similar to
controls (Heim et al., 2000). These results could suggest a long-lasting exaggeration
of the stress response at the level of CRH and AVP in the pituitary, due to an
epigenetic change caused by early life stress. From a genetic level, women with
early life stress and no depression may have a compensatory mechanism that allows
for a downregulation of ACTH receptors of the adrenal cortex that does not exist in
women with depression. It may be possible that this mechanism is similar to the one
proposed in the current experiment, with alterations in the expression of AVP 1a
receptors, either caused by individual genetic variability or epigenetic mechanisms,
to increase the perception of stimuli as threatening, resulting in an exaggerated
ACTH response to acute stress.
In conclusion, there is a vast amount of evidence linking the experience of
stress to neuroanatomic, neurochemical, and hormonal changes, as well as
cardiovascular dysfunction. In addition to these changes, stress has been shown to
affect behavior, which we will now discuss.
Behavioral Changes Associated with Stress
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The perception of stress has been shown to alter behavior within individuals,
both positively and negatively. For instance, stress has been shown, in humans at
least, to increase the occurrence of prosocial behaviors, such as trust, honesty, and
sharing. Conversely, stress has also been associated with increased aggression and
hostility. This is important, as research has shown a strong association between
AVP and aggressive behavior (Ferris et al., 1997; Wersinger, Ginns, O’Carroll,
Lolait, & Young, 2002) and a major component of the current experiment is the
examination of possible AVP mediated effects of stress.
In a study conducted by Sprague, Verona, Kalkhoff, & Kilmer (2007),
associations between levels of stress and aggressive behavior were examined in two
distinct samples: college students and low-income community members. The study
found that, while the cause of stress differed between the groups (job stress only in
the community vs job, financial, and health stress in the college sample), a
significant positive correlation between the perceived magnitude of stress
experienced and aggressive behavior was noted (Sprague et al., 2007). This means
that the experience of stress by different modalities leads to a similar increase in
negative behavior (i.e. aggression). Within the context of the current experiment,
this is important, because it could mean that the experience of vicarious stress could
also increase aggression via vasopressinergic mechanisms.
Stress has also been associated with increased anhedonia (i.e. halting
pleasurable behaviors). For instance, in one study conducted by Grippo et al. (2003),
rats were exposed to four weeks of chronic mild stress. This testing paradigm
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exposes animals to multiple stressors that are mild in nature. Because of the
unpredictable nature of the stressors, physiological and behavioral habituation is
much less likely to occur. The stressors utilized within this paradigm are meant to
mimic multiple “hassles” experienced in daily life. Some of the stressors utilized
include continuous overnight illumination (mimicking the effects of a circadian
rhythm disruption, i.e. a poor night’s sleep), paired housing with an unfamiliar
cagemate (mimicking the social stress of sharing proximity with a stranger, i.e.
riding a crowded subway), wet bedding (translational to being uncomfortable within
the environment for an extended period of time, i.e. a broken air conditioning unit),
and stroboscopic light and white noise exposure (mimicking time spent in a
crowded city or traffic jam). The researchers found that four weeks of chronic mild
stress resulted in anhedonia (as assessed via sucrose intake), increased resting heart
rate, decreased heart rate variability, and elevated sympathetic cardiac control
(Grippo et al., 2003). These results can be interpreted as causal evidence that it is
not necessary for the stress experienced to be extreme in nature (as is found in other
chronic stress paradigms, i.e. cold or swim exposure) to elicit profound behavioral
effects, such as anhedonia, in addition to cardiovascular changes within an
organism.
As was mentioned previously, not all behaviors exhibited in response to
stress are negative. Multiple studies have found that social interaction can be
beneficial in coping with stress (more detail will be provided about this subject later
in the “Social Buffering” section). For instance, to test how stress can alter social
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behavior, von Dawans and colleagues (2012) examined social behaviors in response
to an acute psychosocial stressor in humans. Male university students were exposed
to a variation of the Trier Social Stress Test for groups, a laboratory procedure that
has been shown to reliably provoke a physiological stress response (von Dawans,
Kirschbaum, & Heinrichs, 2011), or an easy counting control condition. Following
stress or control exposure, participants then played a variety of games that measure
both prosocial and antisocial behaviors (e.g. trust, sharing, and punishment).
Participants that were exposed to stress exhibited significant elevations in salivary
cortisol and heart rate, providing evidence that the stress protocol was indeed
perceived as stressful. Results showed that participants that were exposed to an
acute stressor exhibited significantly higher levels of prosocial behavior, including
increased levels of trust in others, trustworthiness (i.e. honesty), and sharing.
Furthermore, no differences between groups were observed in measures of
antisocial behavior (as assessed by administering punishment to others) or in
measurements of non-social risk taking (von Dawans, Fischbacker, Kirschbaum,
Fehr, & Heinrichs, 2012). Taken together, these results point to a desire on the part
of individuals that experience stress to engage in social risk (i.e. putting oneself “out
there”), while not affecting overall risk taking behavior.
Many of these alterations in behavior in response to stress could be
considered beneficial in an acute context. When these negative behaviors become
chronic however, pathology can result. We will now turn our attention to such
psychological pathologies.
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Psychological Pathologies Associated with Stress

Stress exposure is not only associated with physiological dysfunction, but
has also been linked to the development of a wide variety of psychological
pathologies through the “diathesis-stress” model of disease (Ingram & Luxton,
2005). For instance, depression, which is often related to stress, has been ranked as
the leading cause of disability worldwide, affecting more than 350 million people of
all ages (Word Health Organization, 2012). In addition, depression is also strongly
linked with cardiovascular dysfunction (Grippo, 2009), which is a major cause of
mortality (Murphy et al., 2013). In the current study however, the focus will be
primarily placed upon anxiety-related pathologies, such as PTSD. This is because
anxiety disorders, often as a result of stress, are present in a large portion of the
population. For instance, it has been found that approximately 1 in 15 Americans
will develop PTSD symptoms at some point during the lifespan (Kessler et al.,
2005). Unfortunately, this number is rapidly expanding, with large numbers of
soldiers returning from wars in Iraq and Afghanistan displaying PTSD symptoms
(Tanielian & Jaycox, 2008). The hypotheses of the current experiment may have
clinical relevance with the development of certain kinds of PTSD due to the
multiple roles of AVP in the stress response, memory, and bonding (Donaldson &
Young, 2008; Douglas, 2005; Thor & Holloway, 1982), warranting a detailed
discussion of anxiety-related pathologies, such as PTSD.

40

Anxiety-Related Pathologies

Depression often does not occur in individuals as a singular phenomenon.
Systematic analyses of studies examining the comorbidity of depression and anxiety
disorders have found a co-occurrence rate ranging from 50-60%, a rate much larger
than that which would be predicted utilizing data solely of base rates (Kessler et al.,
1996; Mineka et al., 1998). Anxiety seems to act synergistically with depression to
increase the physiological response to stress. For instance, one study found a
significant elevation in plasma ACTH in patients with a comorbid depression and
anxiety disorder when compared to controls. This difference was not present
however in individuals with depression or anxiety disorders alone (Young, et al.,
2004).
Anxiety disorders exhibit a unique cluster of symptoms. For instance,
individuals diagnosed with anxiety disorders display not only chronic anxiety and
fear (as is the case in generalized anxiety disorder), but also have been shown to
display exaggerated anxiety and fear in response to threat cues, cues that formally
signaled a threat, and contexts associated with threat. In addition, individuals with
anxiety-related pathologies display increased fear and anxiety in response to neutral
stimuli, and show an attentional bias to threats. Furthermore, these individuals may
display increased amygdala activation in response to threatening stimuli, as well as
an increased stress response to any aversive stimulus (Craske et al., 2009).
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Anxiety-related symptoms can present gradually, and be a result of
environmental or genetic factors. Alternatively, anxiety symptoms can manifest as a
result of the experience of an acute traumatic event. Indeed, for many individuals,
the symptoms of trauma exposure can be both intense and distressing. The
immediate psychological and physiological symptoms of trauma can include
numbness and detachment, anxiety or fear, denial, nausea, sweating or shivering,
elevated heart rate, respiration and blood pressure, and a greater startle response,
just to name a few. Symptoms can vary widely from individual to individual as a
function of the context of the traumatic event, individual differences in coping
ability, cultural factors, and/or the amount of social support received. Ultimately,
these symptoms are considered normal reactions to abnormal circumstances, and
can help survivors of trauma to effectively process the events experienced (Center
for Substance Abuse Treatment, 2014).
These symptoms tend to become pathological however, when they begin to
interfere with daily life activities and persist for a month or more following the
traumatic event (American Psychiatric Association, 2013), resulting in a class of
anxiety disorder that is relevant within the context of the current experiment: PTSD.
The DSM-5 classifies PTSD as a cluster of symptoms that occurs as the result of
either direct or indirect exposure to actual or threatened death, injury, or sexual
violation. These symptoms include re-experiencing, avoidance, negative cognitions
and mood, and arousal. Re-experiencing includes spontaneous intrusive memories,
dreams, or flashbacks of the original traumatic event. Avoidance can refer to
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avoiding memories, thoughts, or external reminders of the event. Negative
cognitions and mood can manifest in self-blame, anhedonia, or estrangement.
Arousal includes inappropriate SNS activation, as well as aggressive or selfdestructive behavior (American Psychiatric Association, 2013). Related to the
hypotheses suggested in the current experiment, the notion that indirect (i.e.
vicarious) stress exposure can also lead to PTSD symptoms proposed by the DSM,
provides a social link between the stress experienced by individuals. Evidence for
this phenomenon exists, as a study of Vietnam nurse veterans found that incidents in
which individuals merely witnessed injury and death without actual exposure to
direct personal threat was sufficient to induce PTSD symptoms (Carson et al.,
2000).
The acute experience of stress is a necessary component of the development
of PTSD, making it a prime example of stress related pathology. PTSD is a large
and growing mental health issue in the world today. While estimates for the
experience of a traumatic event throughout the lifespan have been shown to be as
high as 72% (Elliot, 1997), the lifetime prevalence of PTSD in the general
population has been estimated at 6.8% (Kessler et al., 2005), with rates over twice
as high (13.8%) in veterans returning from Iraq and Afghanistan (Tanielian &
Jaycox, 2008). The large numbers of soldiers returning from war with PTSD are
especially problematic when we consider that veterans with a PTSD diagnosis
display a suicide rate of 11.8% (Ilgen, et al., 2010). Furthermore, it has been shown
that veterans displaying PTSD symptoms were four times more likely to display

43

suicidal ideation when compared to individuals that do not develop PTSD
(Jakupcak, et al., 2009).
The traumatic events that occur during war, while often horrific, are not the
leading causes of PTSD. For example, in a recent study conducted in a communitybased sample living in the Netherlands, rape, and physical assault were the
traumatic events that had the highest association with the eventual development of
PTSD, with a third of individuals experiencing extreme cases of rape developing
PTSD at some point. These results may explain the sex differences noted in
individuals diagnosed with PTSD (i.e. women exhibiting an increased instance of
pathology when compared to men; Tolin & Foa, 2006), as women have been shown
to be much more likely to experience sexual assault than men (Elliot, Mok, &
Briere, 2004). Interestingly, it was found in this study that the witnessing of a severe
injury or death of another had little effect in the development of PTSD (less than 2%
of individuals that witnessed the most severe injury or death; Bronner et al., 2009).
These results are not necessarily at odds with conceptualizations put forth in the
current document however, as this study did not examine the prior relationship
between the observer and the individual directly experiencing the injury or death.
The underlying mechanisms responsible for the development of PTSD are
not well understood. Some of the mechanisms proposed to account for the
development of PTSD include enhanced fear conditioning ability in certain
individuals, a failure of extinction, and a possible sensitization to neutral stimuli as
threatening in individuals with PTSD. Neurochemical mechanisms proposed to

44

account for these differences include increased NE turnover or increased
responsivity of LC neurons, increased dopamine release in the frontal cortex and
nucleus accumbens, or elevated glucocorticoid levels in response to stress (Charney,
Deutch, Krystal, Southwick, & Davis, 1993). The mismatch between the large
number of individuals that experience a traumatic event throughout the lifespan and
those that experience PTSD symptomology as a result of traumatic event exposure,
suggests that individual differences in neural mechanisms and personality features
between those that experience traumatic events and do or do not develop PTSD
symptomology may be to blame. In fact, research has shown that differences in
personality and prior event circumstances have a greater predictive utility than the
actual type or severity of the traumatic event. The differences that have been shown
to increase the chances of developing PTSD include trait negative affectivity,
increased belief in helplessness, lower intelligence, lower socioeconomic status,
minority status, and belief on the part of the individual in a greater external locus of
control (Bisson, 2007; Bowman, 1999).
Due to ethical constraints, experimental studies seeking to induce PTSD
symptoms in humans are practically non-existent. Animal models of PTSD are also
difficult to establish, as many of the hallmark symptoms of PTSD (e.g. reexperiencing of the traumatic event, avoiding thoughts of the event) cannot be
viably measured in lower animals. Some promising animal models of PTSD have
been proposed however. These models have been able to show long-lasting anxietylike effects in rodents in response to a single or series of acute stressors. These
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include predator stress, which is the brief, 5-minute, unprotected exposure to a
feline (Adamec, Fougere, & Risbrough, 2010; Adamec, Head, Blundell, Burton, &
Berton, 2006; Adamec, Walling, & Burton, 2004), as well as a procedure termed
“single prolonged stress”, which consists of a two hour restraint, immediately
followed by a 20 minute forced swim, a 15 minute recuperation time, and ether
exposure until loss of consciousness (Imanaka, Morinobu, Toki, & Yamawaki,
2006; Liberzon, Krstov, & Young, 1997; Yamamoto et al., 2009).
The effects of predator stress seem to be mediated in part by the CRH 1
receptor. In a study conducted by Adamec, Fougere, and Risbrough (2010),
C57BL6 mice were treated with intraperitoneal injections of a selective CRH 1
receptor antagonist (CRA0450, 2 or 20 mg/kg) or vehicle, either 30 minutes prior to,
or immediately following predator stress exposure. Seven days following stress
exposure, animals were tested for anxiety-like behavior using acoustic startle,
elevated plus maze, light/dark box, and hole-board tests. Results showed that
antagonism of the CRH 1 receptor had little effect in control animals that were not
exposed to stress. Furthermore, predator stress was shown to increase peak startle
amplitude in response to acoustic stimulus, increase risk assessment behavior in the
elevated plus maze (determined by time spent with back paws in the closed arm,
front paws in the center and head pointed toward an open arm), as well as increasing
the time spent in the dark portion of the light/dark box. Administration of the CRH 1
receptor antagonist was shown to significantly abolish baseline startle amplitude
increases and stress-induced increases in risk assessment (Adamec, Fougre, &
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Risbrough, 2010). The information provided by this study provides evidence of the
CRH 1 receptor in the formation of long-term effects of a single traumatic event, as
well as giving credence to the notion that administration of a CRH 1 receptor
antagonist may buffer these effects when administered prior to, or immediately
following trauma exposure.
The majority of anxiety disorders discussed in the DSM 5 involve the fear of
stimuli directly compromising the integrity of the individual experiencing the
anxiety. This includes the fear of public places associated with agoraphobia or the
fear of public shame and/or ridicule associated with social phobia. This means that
these anxiety-related disorders relate to fear and/or anxiety contained within the
individual concerning the individual’s well-being. Concepts related to PTSD, but
are relevant in the context of the current experiment, are secondary traumatic stress
and compassion fatigue. What distinguishes these phenomena are that they can be
caused through the witnessing a traumatic event occur to an individual separate
from the individual experiencing the symptomology, or even through indirect
accounts of traumatic events, making them more about a fear of the preservation of
the other rather than the self. Related to this, research has shown that female
partners of veterans with PTSD commonly exhibit PTSD-like symptoms (Nelson &
Wright, 1996). Furthermore, families with male veterans diagnosed with PTSD
display increased marital difficulties and violent behavior when compared to
veterans without PTSD (Jordan et al., 1992). Taking this information into account,

47

we now turn to the role of the social environment as both a protective element, and
in some cases, a potential cause, or exacerbating element of stress.

The Social Environment: Protective and Negative Effects

Humans have been classified as one of the few “ultra-social” species
(Richerson & Boyd, 1998) and are one of the less than 3% of mammals that exhibit
the capacity to form strong, monogamous bonds (Kleiman, 1977). As such, the
interactions that we have with other humans can be both the most rewarding and the
most harmful (Norman, Hawkley, Cole, Berntson, & Cacioppo, 2012). It has been
hypothesized that humans have a biologically based need to form and continue
strong and stable interpersonal relationships that consist of frequent, nonaversive
interactions with valued others (Baumeister & Leary, 1995). It seems that our
neuroarchitecture has been evolutionarily selected for this need. For instance,
among primates, the neocortex ratio (i.e. ratio of neocortex volume to the volume of
the rest of the brain) has been shown largely to be a function of the size of the social
group in which the animal belongs (Dunbar & Shultz, 2007). This effect is not
limited to higher vertebrates, however. For example, the dessert locust (Schistocerca
gregaria) oscillates between a solitarious phase at low population density in which
the animal avoids other locusts, and a gregarious phase during which animals come
together to form large migratory swarms. During this gregarious phase, it was found
that the brains of these animals increase by 30% when compared to animals in the
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solitarious phase, purportedly to cope with the heightened demands of increased
social networks (Cacioppo et al., 2012; Ott & Rogers, 2010). The size of the social
group to which an animal belongs may not be the only factor attributing to large
brain size, as the complexity of the social interactions within the group has also
been implicated. The interactions between pair-bonded individuals have been
hypothesized to be extremely complex, and evolutionary evidence exists for this to
be the case. For instance, larger brain volumes (controlling for both body size and
phylogeny), have been found in animals that utilize a pair-bond mating strategy
when compared to other mating methods utilized by animals within the same
taxonomic grouping (Dunbar & Shultz, 2007).
Since it would seem that the brains of humans are especially adapted to
navigate a social world, it would logically follow that stress that is social in nature
would have some of the most profound effects of any stressor that one could
experience. Conversely, as we are incredibly social animals, it would also follow
logically that positive social interactions might help to shield us from the negative
effects of stress. A large body of research exists that provides evidence for these
assertions. We will begin our discussion focusing on how positive social interaction
has been shown to protect individuals in the face of stress. As humans do not
typically live in hierarchical societies like other primates, where dominance and
submissiveness play a substantial role in the amount of social stress experienced, we
will continue our examination by looking at situations when the amount of real or
perceived social interaction is inadequate, specifically in the case of social isolation.
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Social Buffering

Within social species, social bonds have been shown to have a strong impact
on physical and mental health. For instance, in a study of post-myocardial infarction
patients, levels of perceived social support that were considered very high, were
shown to ameliorate the effects of depression on mortality one year after infarction,
and these same levels of support were shown to be predictive of depression
symptom improvement in these patients (Frasure-Smith et al., 2000).
While many studies focus on positive effects of social support over time,
instances of acute social support have even been shown to have protective effects on
cardiovascular reactivity to stressors. In one study, participants were subjected to
verbal attack from confederates either with or without a third confederate defending
the participant’s positon (i.e. social support). In the social support condition,
participants showed significantly attenuated heart rate and blood pressure increases
in response to the stressor (Gerin, Pieper, Levy, & Pickering, 1992). Related to these
results, a separate study found that participants playing a stressful computer game
exhibited a significant tempering of both salivary cortisol and heart rate levels when
exposed to a confederate providing supportive statements (Thorsteinsson, James, &
Gregg, 1998).
A study in humans examined how different sources of social support before
performing a public speaking task would affect physiological arousal after the
performance. Results showed that males exhibited a step-wise decrease in salivary
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cortisol levels, with the highest levels exhibited by individuals that received no
social support, decreased levels in those that received social support from a stranger,
and the lowest levels exhibited by those receiving social support from a significant
other. Interestingly, women in this study gained no benefit from stranger social
support and actually exhibited increased levels of cortisol when receiving social
support from their significant other. The authors suggest that these disparate results
may be a function of previous research showing that females evaluate support from
others more favorably than men, and that men tend to depend more exclusively on
spousal support than women (Kirschbaum, Klauer, Filipp, & Hellhammer, 1995).
This study provides support for the paradigm proposed in the current study (i.e. that
males may be more affected by vicarious stress of a spouse than females). It is
reasonable to hypothesize that the same mechanism that attenuates the stress
response when a male receives social support from a romantic partner (i.e. lessstressed conspecific) could also enhance the stress response in a male that is
observing a bonded partner in distress (i.e. more-stressed conspecific).
The beneficial effects of social support are not only observed in humans.
Multiple studies in rodents have shown that the presence of conspecifics attenuates
physiological and behavioral responses to stressors (Kiyokawa, Kikusui, Takeuchi
& Mori, 2004; Maken & Hennessy, 2009; Taylor, 1981). In one of the first studies
to examine social buffering, Davitz and Mason (1955) found that rats trained to fear
a light-shock pairing exhibited significant decreases in freezing when exposed to the
stressor when paired with a conspecific. While conspecifics that were also trained to
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the light-shock pairing were somewhat effective in diminishing freezing activity,
conspecifics that were completely naïve to the context, and thus showed no fear,
attenuated freezing activity in fearful test animals almost to the levels found in
completely naïve pairs (Davitz & Mason, 1955). This study showed that not only
the presence, but also the state of the other animals present, are important in the
context of stress.
Extensions of the results of this study have been replicated in many different
fashions over the years. For instance, one study found that male rats that are in
groups display significantly decreased amounts of immobility in response to a loud
noise when compared to animals that experience the stressor alone (Taylor, 1981).
In an attempt to quantify social buffering effects through physiological
measurements, Kiyokawa et al., (2004) found that rats that had been trained to fear a
specific testing apparatus (via footshock), displayed decreased levels of stressinduced hyperthermia, decreased time freezing, and decreased c-Fos expression in
the paraventricular nucleus of the hypothalamus when paired with a partner animal,
when compared to animals that were exposed to the context alone. Not surprisingly,
given the results of the previously mentioned Davitz and Mason study, Kiyokawa
and colleagues also observed that partners that were also trained to fear the testing
apparatus were less effective at buffering the stress of the testing animal. These
combined results show that, while social interactions can be beneficial in the context
of stressful situations, the state of the individual providing the support is an
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important moderating factor in the level of stress buffering provided (Kiyokawa,
Kikusui, Takeuchi, & Mori, 2004).
While evidence of the beneficial effects of social support abounds, the
mechanisms by which social support ameliorate some of the negative effects of
stress are not fully understood. For instance, it is possible in humans that the support
provided by family and friends may result in the promotion of health-related
behaviors such as increased physical activity or better diet in individuals, stopping
stress related issues stemming from poor health before they start (Cacioppo, 1994).
It has even been hypothesized that the beneficial effects may stem in part from the
mere perception of the availability of support in the face of stress.
In their landmark paper, Cohen & Wills (1985) proposed a “buffering”
hypothesis of social support. This hypothesis draws on the previous definition of
stress put forth by Lazarus (1966) that states that stress is achieved when the
organism perceives a situation as threatening or otherwise demanding, and does not
possess the resources necessary to properly cope with the threat or demand
(Lazarus, 1966). The buffering hypothesis, unlike the main- or direct-effect model,
states that membership in a social network provides benefits to the member, not
necessarily in concrete forms of help to deal with stress (e.g. lending money, talking
about problems, etc.), but in that knowledge on the part of the individual that help is
available if needed changes the perception of the environmental situation as less
threatening, thus making the situation less stressful (Cohen & Wills, 1985).
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The presence of social support has been shown in humans to substantially
blunt the stress response in individuals. For instance, individuals given social
support during a Trier Social Stress Test exhibited significantly decreased levels of
salivary cortisol (Heinrichs, Baumgartner, Kirschbaum, & Ehlert, 2003). In
addition, individuals that interacted regularly with supportive individuals across a
10-day period showed decreased cortisol in response to a social stressor (i.e.
Cyberball paradigm). Social support and cortisol levels were also significantly
associated with diminished activity in the dorsal anterior cingulate cortex which is
considered part of the affective “pain matrix”) in response to stress (Eisenberger,
Taylor, Gable, Hilmert, & Lieberman, 2007).
Taken together, these studies illustrate how social support can positively
buffer the negative effects of stress. While positive social interactions can have a
beneficial impact on health and well-being, it is also reasonable to postulate that the
opposite may also be true. We now turn to how the lack of social connectedness and
negative aspects of the social environment can lead to detrimental health effects.

Social Isolation

A major source of stress in social animals comes through both negative
social interactions and real or perceived social isolation. Both low quantity and
quality relationships have been associated with an increased risk of death (House,
Landis, & Umberson, 1988). For instance, individuals with the lowest levels of
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social connectedness display significantly increased chance of dying from accidents,
suicide, non-cancer, and non-cardiovascular causes (Eng, Rimm, Fitzmaurice, &
Kawachi, 2002).
This increased chance of dying for isolated individuals does not only come
from external sources however. For example, subjective loneliness significantly
predicts higher total peripheral vascular resistance, lower cardiac output, poorer
sleep quality, and depression (Cacioppo et al., 2002; Cacioppo, Hughes, Wait,
Hawkley, & Thisted, 2006; Hawkley, Burleson, Bernston, & Cacioppo, 2003).
Conversely, with each categorical unit increase in the number of close friends, one
study found that patients display a 29% decrease in the risk of death (Eng, Rimm,
Fitzmaurice, & Kawachi, 2002).
Social isolation can mean physical isolation (e.g. the hermit on a
mountaintop) or it could mean a lack of social support (e.g. not having someone to
“vent” to). For instance, in a cohort of older men of higher socioeconomic status, it
was found that moderate levels of anger expression (e.g. the kind found when telling
a friend or loved one about a rough day) significantly reduced the chances of
cardiovascular disease (Eng, Fitzmaurice, Kubzanski, Rimm, & Kawachi, 2003).
Less than adequate social support has also been shown to produce many deleterious
cardiovascular effects and to significantly predict mortality in follow-up surveys,
independent of health status, socioeconomic status, and traditional risk factors such
as smoking and obesity (Berkman & Syme, 1979). For instance, it was found in an
elderly population hospitalized for acute myocardial infarction, that the lack of

55

emotional support was significantly associated with an increase in 6-month
mortality, even when factors such as disease severity, smoking, hypertension, and
sociodemographics were controlled (Berkman, Leo-Summers, & Horwitz, 1992).
The studies discussed above provide ample evidence for how either the real
or the perceived lack of social interaction can be detrimental to health. Sheer
quantity of social interaction may not be the only necessary component affecting
health. We now turn to how poor quality of social interaction can be detrimental.

Poor Quality of Social Interaction

Just as the lack of social interaction in the form of social isolation can be
detrimental to health and well-being, the quality of social interactions can be just as
important. For instance, one study conducted by De Vogli, Chandola, and Marmot
(2007) examined the link between negative aspects of close relationships and
coronary events during a follow-up in a large population of British civil servants.
Negative social interactions between participants and close others was assessed via
the Close Persons Questionnaire (Stansfeld & Marmot, 1992), which includes
adverse exchanges and conflict. The study found that individuals that reported
negative social interactions exhibited a higher risk of coronary events, including
fatal myocardial infarction, non-fatal myocardial infarction, or angina. These results
continued to be significant even when controlling for sociodemographics, biological
factors, social support levels, negative affect, and depression. Furthermore, it was
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found that neither sex, nor social position of respondents showed a significant
interaction with the results (De Vogli, Chandola, & Marmot, 2007).
To further study the possible underlying mechanisms responsible for the
effects of negative social interactions, animal models of social stress have been
utilized extensively throughout the literature. For instance, the visual burrow system
is an excellent paradigm used to study chronic social stress in rodents (Blanchard et
al., 1995). In this system, an open field apparatus is adjoined by a series of tunnels
and two smaller compartments. Food and water are available ad libitum to study
animals housed in the apparatus. A mixed-sex group of rodents, often comprised of
four or five males and two females, are placed into the apparatus. Shortly after
introduction to the testing apparatus, a social hierarchy is formed, with one
dominate and several subordinate animals. Both subordinate and dominate animals
show signs of stress in this paradigm. However, the increases in stress response
activation observed does not appear to have the same deleterious behavioral and
physiological effects on the dominate animals when compared to the subordinates,
suggesting that the stress experienced by the dominate animals is adapted to,
whereas the stress experienced by the subordinate animals is not (Albeck et al.,
1997; Blanchard et al., 1995; McKittrick et al., 2000). This method of social stress,
utilized in rats, found that chronic social stress significantly decreased number of
dendritic branch points and total dendritic length in CA3 pyramidal neurons of the
hippocampus (McKittrick et al., 2000). These results are not surprising, given the
evidence in rats that chronic exposure to exogenous corticosterone to mimic the
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effects of chronic stress results in neuronal cell loss and glial cell proliferation in the
CA3 region (Sapolsky, Krey, & McEwen, 1985).
Together, the preceding has provided evidence for both the positive and
negative effects of social interaction. This information pertains directly to the
hypotheses of the current study. As such, we will now examine how stress
experienced by one individual affects another observing individual (i.e. vicarious
stress) and how a prior bond between the two said individuals may potentiate these
effects (i.e. enhanced vicarious stress).

Vicarious Stress and Enhanced Vicarious Stress

The stress experience may not stop at the individual directly exposed to the
stressor. For instance, recent work utilizing functional magnetic resonance imaging
(fMRI) scans have shown activation of the anterior insula and anterior cingulate
cortex (together referred to as the “pain matrix”), both when a person experiences a
painful stimulus (e.g. electric shock to the back of the hand) and when they receive
a signal that their significant other is experiencing the same painful stimulus (Singer
et al., 2004). A separate study utilizing transcranial stimulation found a reduction in
the amplitude of motor-evoked potentials in individuals observing needle
penetration of either hands or feet of a human model, meaning that the participants
were, at some level at least, “feeling” the sensations they were observing. These
effects were specific to the muscles that were observed to be experiencing the
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painful stimulus, and were not found when the stimulus observed was non-painful
(e.g. Q-tip touch), or if the object being penetrated was non-human, (e.g. a tomato),
suggesting that, not only do individuals “feel” what they observe happening to
others, but that this mechanism is fine tuned to “feel” pain more than other
sensations (Avenanti, Bueti, Galati, & Aglioti, 2005).
Members of helping professions (e.g. therapists, counselors) indirectly
experience stressful experiences for a living. This constant exposure to other’s
negative life events can have deleterious effects on the therapist. For instance, it was
found that members of helping professions, including mental health workers,
exhibited behavioral changes similar to PTSD merely from listening to clients
recount traumatic events, a finding that provides support for the previously
mentioned DSM 5 criteria for the development of PTSD (Zimering, Munroe, &
Gulliver, 2003). This effect has been termed secondary traumatic stress disorder and
a validated questionnaire has been researched and developed to diagnose its
occurrence (Bride, Robinson, Yegidis, & Figley, 2003; Figley, 1995).
The effects of vicarious stress observed in secondary traumatic stress are
thought to be the result of what is termed “emotional contagion”, a concept
introduced by Hatfield, Cacioppo, and Rapson (1992). Emotional contagion is
described as the “tendency to automatically mimic and synchronize facial
expressions, vocalizations, postures, and movements with those of another person
and, consequently, to converge emotionally” (Hatfield, Cacioppo, & Rapson, 1992.
pp. 153-154). It has been theorized that emotional contagion serves the purpose of
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alerting, calming, and empathy within social groups (Levenson, 2003). Through the
“feeling” of another individual’s distress within a social group, signals of danger
can spread more rapidly, and with enhanced salience, to all members of the group,
thus ultimately increasing the chances of survival of said group. Emotional
contagion seems to have a biological basis, in that it can be observed almost
immediately upon exiting the womb. It has been shown that infants exposed to the
sound of another infant crying displayed significantly more time and instances of
crying themselves than when exposed to an artificial, computer generated cry of an
identical amplitude or silence (Sagi & Hoffman, 1976; Simner, 1971).
The negative effects of vicarious stress are not limited to humans. In a study
conducted by our lab, male prairie voles that observed a sibling experience a
species-relevant stressor (i.e. the tail suspension test) exhibited significantly
elevated levels of ACTH when compared to animals that did not (Wardwell et al.,
2014). Other studies in rodents have found similar physiological and behavioral
results. For instance, Kavaliers, Colwell, and Choleris (2003) reported a significant
increase in circulating plasma levels of corticosterone in mice that merely observed
other mice exposed to biting flies, when compared to non-exposed controls.
Interestingly, these observer mice displayed a significant increase from first
measurement in corticosterone when exposed to non-biting flies 24 hours following
the initial observation (Kavaliers, Colewell, & Choleris, 2003). This would suggest
a possible social learning component of vicarious stress when exposed on multiple
occasions, and represents an excellent target for future studies.
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Together, these studies provide evidence that vicarious stress indeed exists
in both humans and animals. In social species however, the question arises as to
how the relationship between two individuals may moderate this effect. After all,
stress spreading among members of a social group, regardless of affiliation, is
beneficial for the species as a whole (e.g. in the case of predator attack). However,
enhancement of vicarious stress among bonded individuals, such as family
members, can be beneficial for the specific genes of the individual. This would
mean that vicarious stress activation would exist between any two members of a
social species, but also that a higher level of attunement may occur between
individuals with a prior established bond. To examine the mechanisms responsible
for vicarious stress responses, it is necessary to pick apart various aspects of the
phenomenon, including how prior bonds may affect stress outcomes in observers.
Despite the intuitive notion that different categories of relationships may
elicit differential responses, the bulk of research conducted in the realm of vicarious
stress to date, has involved either stranger pairs (Buchanan et al., 2011), or related
individuals, such as parent-child interactions (Manini et al., 2013; Sethre-Hofstad,
Stansbury, & Rice, 2002). While informative, these studies discount the vast
majority of human interaction in which relationships between individuals that are
the product of choice, rather than genetics (e.g. friendships, spouses). To illustrate
this point, one study of social networks found that 86% were considered friends,
while less than 10% were blood-related kin (Killworth et al., 1984). A more recent
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study found that, of the average social network of 125 individuals observed in
participants, roughly 4 out of 5 were non-kin (Hill & Dunbar, 2003).
Given the high percentage of relationships that are non-kin, it would be
beneficial to examine vicarious stress activation in partners versus stranger pairs to
determine the level of increase of vicarious stress response activation that may occur
in these dyads. One study, performed by Engert, Plessow, Miller, Kirshbaum, &
Singer (2014) did just this, by examining salivary cortisol and alpha-amylase, as
well as heart rate, in response to observing a stranger or opposite-sex romantic
partner experience a Trier Social Stress Test. Salivary cortisol was considered a
dependent measure of stress induction (via HPA axis activation), and heart rate and
salivary alpha-amylase were considered measures of sympathetic nervous system
activation. Salivary alpha-amylase was considered a measurement of sympathetic
nervous system activation as it has been shown to increase as a result of the direct
experience of psychosocial stress and correlates highly with increases in
norepinephrine (Nater & Rohleder, 2009; Rohleder, Nater, Wolf, Ehlert, &
Kirschbaum, 2004). Results showed that 26% of all observers displayed a
physiologically significant increase in cortisol levels from baseline. Physiological
significance was defined as an increase of at least 1.5 nmol/l increase from baseline,
a criterion described previously (Miller, Plessow, Kirschbaum, & Stadler, 2013).
The effect of prior relationship was shown to be incredibly strong, with 40% of
couple- observers displaying physiologically significant cortisol increases when
compared to just 10% of stranger dyads. Measures of salivary alpha-amylase
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significantly increased in partner vs. stranger dyads. Interestingly, no significant
increase in heart rate was detected in observers, regardless of relationship status
(Engert, et al., 2014). Taken together, these results indicate that the vicarious stress
responses (specifically HPA axis and alpha-amylase measures) are modulated by
prior relationship between the individual directly experiencing the stressor and the
individual observing. Within the context of the current experiment, it is possible that
heart rate of observer animals will exhibit a vicarious increase, even though in the
Engert et al., study, it did not. This might be because the stressor observed is
physical, rather than psychological in nature (i.e. tail suspension test vs. trier social
stress test). In addition, observer participants in the Engert et al. study were made
aware before experimentation that they would, at no point, directly experience the
stressor, a condition unable to be replicated in the current animal model.
The phenomenon of vicarious stress may not be uniform. Different types of
relationships between actor and observer may affect vicarious stress in different
ways. For instance, a study utilizing fMRI scans found that observing a friend that
was excluded via the Cyberball paradigm activated the “pain matrix” regions of the
brain (i.e. the anterior cingulate cortex and anterior insula) associated with the
emotional aspects of pain that result from the direct experience of exclusion.
Observation of a stranger experiencing the same social exclusion did not activate
these regions, but rather activated other regions including the dorsal medial
prefrontal cortex, precuneus, and temporal pole. These regions are typically
associated with “mentalizing”, which is thinking about the attributes, feelings,
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thoughts, and intentions of others. The authors found that both observation
conditions activated the medial prefrontal cortex, a region typically associated with
self-reference, but found significantly elevated activation in the friend observation
condition (Meyer et al., 2013).
The strength of the bond between two individuals may further modulate how
the stress experienced by a valued other affects an observer. In the same study
mentioned above, conducted by Meyer et al. (2013), it was found that activation of
the “pain matrix” that occurred when watching a friend be ostracized was
significantly correlated with scores of self-other overlap, as assessed by the
Inclusion of Other in the Self Scale (Aron et al., 1992; Meyer et al, 2013). This
result is not surprising, as a previous study conducted by Beeney, Franklin, Levy,
and Adams (2011) found a significant correlation between activation of the “pain
matrix” and interpersonal closeness, as assessed by an adapted version of the
Friendship Quality Questionnaire, when observing friends experience ostracism in
the Cyberball paradigm (Beeney, Franklin, Levy, & Adams, 2011; Parker & Asher,
1993).
Work with prairie voles has also shown how different types of relationships
may affect social stress in different ways. In one study, it was shown that 5 days of
social isolation from a previously bonded female partner was sufficient to induce
increased depressive-like behaviors in the forced swim test (i.e. increased
immobility), as well as increased basal levels of corticosterone in males. This effect
was not observed in male animals that were socially isolated from a same-sex
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sibling for 5 days (Bosch et al., 2009). This study provides evidence to the notion
that the bonded relationships with opposite-sex others may, in some ways, be
stronger than relationships that form between kin, at least insomuch that absence of
the relationship can lead to augmented negative behavioral and physiological
consequences after a short separation when compared to sibling isolation. Further
evidence supporting the idea that different types of relationships will elicit different
patterns of physiological response was presented by DeVries, Taymans, and Carter
(1997). In this study, both socially naïve and previously pair bonded male prairie
voles responded with a significant decline in plasma corticosterone levels when
exposed to a novel female. Exposure of a socially naïve male to another socially
naïve male resulted in no change in serum corticosterone levels when compared to
basal levels (DeVries, Taymans, & Carter, 1997).
Further evidence of how different types of relationships may differentially
affect stressful interactions between individuals has come from other rodent studies.
For instance, one study found that mice injected with acetic acid would display
more pain behaviors if another animal, also injected with acetic acid, was placed in
the same testing device. Interestingly, this effect was significantly amplified when
the animals being tested were cagemates, and even slightly more elevated when the
animals were siblings (Langford et al., 2006).
Many theories as to the psychological and neurological mechanisms related
to the phenomenon of vicarious stress have been proposed. We will begin our
examination of possible mechanisms through the discussion of empathy. Empathy is
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a construct that is easily identifiable and describable in humans, but is somewhat
controversial in lower animals, specifically when referring to what could be
considered a sub-field of empathy, emotional contagion. On the other hand,
evidence for the existence of mirror neurons (i.e. motor neurons that fire both when
observing, and completing an action), have been observed in both humans and
animals, and may provide a neuroanatomical framework for better understanding of
vicarious stress.

Empathy

One mechanism by which humans share affect is empathy. Preston and de
Waal (2002) define empathy as “any process where the attended perception of the
object’s state generates a state in the subject that is more applicable to the object’s
state or situation than to the subject’s own prior state or situation” (Preston & de
Waal, 2002). In this case, the “object” is the person directly experiencing the
situation or emotion, while the “subject” is the person observing. In humans, it has
been proposed that empathy supports many basic behaviors beneficial to the
ultimate survival of the species, including alarm, mother-infant responsiveness,
social facilitation, and vicarious emotions (Preston & de Waal, 2002). As the
emotional state of one individual is assessed by another individual and matched, and
this emotional state is matched by still another individual and is further diffused,
empathetic processes allow for information to pass quickly throughout a social
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group. This information could be as immediately pressing, such as alerting to the
danger of a predator, or even spreading calm throughout the group to facilitate
actions such as feeding or mating (Levenson, 2003).
The Perception-Action Model of empathy proposed by Preston and de Waal
(2002) proposes that the perception of another individual’s state automatically
activates the observer’s representations of the state, the situation in which the person
being observed is in, and the person being observed him/herself. Furthermore,
activating these representations in the observer will automatically generate the
appropriate autonomic and somatic responses, unless inhibited within the observer
(Preston & de Waal, 2002). In other words, if a person observes another person
experiencing stress, the observer will automatically think about what he or she
knows about the person experiencing the stressor, the stressor itself, and what it
would feel like to experience the stressor. Accepting that this model is valid, it is
logical to hypothesize that the better the observer knows the person experiencing the
stressor, the richer the mental model of the subject is in the mind of the observer.
This would allow the observer to more accurately perceive the stress of the
individual being observed, and would make the stress far more salient to the
observer.
A possible mechanism through which humans may have an enhanced ability
for empathy was proposed by Porges (1995, 1996, 1997, 1998), and was termed the
Polyvagal Theory. According to this theory, mammals may be evolutionarily
adapted to the building and maintenance of social bonds. This is accomplished
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through a myelinated vagus, unique to mammals, that regulates not only heart rate,
but also facial muscles and vocalizations. This enhanced parasympathetic control
allows for rapid engagement and disengagement from the environment, promoting
calmness, which is a crucial element necessary for the formation of social bonds
(Porges, 1995; 1996; 1997; 1998).

Emotional Contagion

The concept of emotional contagion was first described by Hatfield,
Cacioppo, and Rapson in 1992. Emotional contagion is described as the “tendency
to automatically mimic and synchronize facial expressions, vocalizations, postures,
and movements with those of another person and, consequently, to converge
emotionally” (Hatfield, Cacioppo, & Rapson, 1992. pp. 153-154).
It has been theorized that emotional contagion serves the purpose of alerting,
calming, and empathy within social groups (Levenson, 2003). Through the “feeling”
of another individual’s distress within a social group, signals of danger can spread
more rapidly and with enhanced salience to all members of the group, thus
ultimately increasing the chances of survival of said group. Emotional contagion
seems to have a biological basis, in that it can be observed almost immediately upon
exiting the womb. It has been shown that infants exposed to the sound of another
infant crying displayed significantly more time and instances of crying themselves
than when exposed to an artificial, computer generated cry of an identical amplitude
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or silence (Sagi & Hoffman, 1976; Simner, 1971). Taken together, these results
could mean that vicarious stress as a cognitive mechanism could have a neural basis
that is genetically predisposed and present at birth.

Mirror Neurons

In 1992, a special class of neuron was discovered in the inferior premotor
cortex of macaque monkeys (di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti,
1992). These neurons were found to fire both when performing, and observing a
specific action, and were termed “mirror neurons” (Rizzolatti, Fadiga, Gallese,
Fogassi, 1996). Following this study, two additional studies using positron emission
tomography (PET) scans found strong evidence in humans for a mirror neuron
system analogous in function and location to those found in monkeys (Grafton et al.,
1996; Rizzolatti et al., 1996). Specifically, the human mirror neuron system is
comprised of the inferior parietal lobule, the ventral premotor cortex, and the caudal
region of the inferior frontal gyrus, corresponding roughly to the pars opercularis of
Broca’s area (Fabbri-Destro & Rizzolatti, 2008; Rizzolatti & Craighero, 2004).
Mirror neurons have been proposed to be crucial for the cognitive ability to perceive
and understand the actions of others (Avenanti, Candidi, & Ugresi, 2013).
Additional evidence of a human mirror neuron system has been provided through
multiple studies. A meta-analysis performed of relevant fMRI research in humans
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revealed that the superior and inferior parietal lobule and the dorsal premotor cortex
are involved in imitation (Molenberghs, Cunnington, & Mattingley, 2009).
Whether through the process of empathy, emotional contagion, or mirror
neuron mechanisms, ample evidence exists that the pain and affective state of one
individual can be shared by another. The goal of the current study is to bridge the
gap between the underlying mechanisms responsible for stress and the bonds shared
between individuals. An attractive target to merge these two aspects of vicarious
stress is AVP, and specifically the AVP 1a receptor.

AVP as a Possible Mediator of Enhanced Vicarious Stress

As was previously mentioned, the current study seeks to examine a possible
physiological link between stress and behavior that could cause an enhanced
vicarious stress response. A possible candidate that could mediate this proposed
enhancement is AVP, which is not only important in the stress response, but also in
several different behaviors. In fact, one study was able to link the AVP 1a receptor
directly to both anxiety-like and affiliative behavior. Pitkow and colleagues (2001)
artificially upregulated AVP 1a receptors in the ventral pallidum of male prairie
voles via viral vector gene transfer. The ventral pallidum is an important part of the
reward and learning circuitry, as it has been shown to receive dopaminergic
projections from the ventral tegmental area (Klitenick, Deutch, Churchill, &
Kalivas, 1992) and is responsive to both cocaine and amphetamine intracranial
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injections in place conditioning studies (Gong, Neill, & Justice, 1996; McBride,
Murphy, & Ikemoto, 1999). The results showed a significant increase in both
anxiety-like behaviors (assessed via time spent in closed arms of an elevated plus
maze) and affiliative behaviors (assessed via time spent in contact with a novel
juvenile male and partner preference test after 17 hours of cohabitation with a
nonestrous female in animals artificially upregulated when compared to nonupregulated controls). Interestingly, animals with AVP 1a upregulation showed
increased partner preference even in the absence of mating, which has shown to be
an important causal agent for male prairie vole bond formation (Pitkow et al., 2001).
This study shows that variations in the density of AVP 1a receptors could be
responsible for both anxiety and bonding behavior. It may be possible that increased
receptor densities that occur naturally could simultaneously enhance an individual’s
ability to bond and the perception of events as stressful. It follows with the
hypotheses proposed in the current experiment that these individuals may be
especially susceptible to vicarious stress when the target is someone for which a
prior bond exists.
While AVP is a key component of the stress response, research has shown
that chronic activation of the stress response in the form of social stress (in this case,
subordinate male rats in a visual burrow system paradigm) can significantly
decrease the number of cells expressing AVP mRNA in the medial amygdala when
compared to controls. Furthermore, this same study found that AVP mRNA positive
cells significantly correlate with plasma testosterone level (Albeck et al., 1997).
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AVP has also been associated with other psychological pathologies related
to stress. For instance, it has been shown that neurons expressing AVP within the
brain are altered in patients with depression (Purba et al 1996; Zhou et al 2001), and
that plasma levels of AVP are elevated in individuals with depression (Londen et
al., 1997). Furthermore, it has also been shown that both individuals with obsessivecompulsive disorder, as well as veterans diagnosed with PTSD display significantly
elevated basal levels of AVP (Altemus et al 1992; de Kloet et al., 2008).
Research has shown a strong role for AVP in pair bonding, monogamy, and
selective aggression in the male prairie vole. In one study conducted by Winslow,
Hastings, Carter, Harbaugh, and Insel (1993), sexually naïve males showed little
aggression to male or female intruders when introduced into the subject’s home
cage. One day after mating however, males exhibited significant increases in attack
behavior to intruders of either sex. This behavior is conceptualized as mate or nest
guarding, and suggested to be an important part of monogamy behavior in males, as
non-monogamous montane voles (Microtus montanus) do not exhibit selective
aggression after mating or living with a female as a breeding pair in the laboratory.
To determine the role of AVP, via the AVP 1a receptor, or oxytocin in this
behavioral response to mating, males were centrally administered either a selective
AVP 1a antagonist (i.e. “Manning compound”), an oxytocin antagonist, or artificial
cerebral spinal fluid immediately prior to 24 hours of exposure to a sexually
receptive female. Only animals treated with the AVP antagonist showed an
abolished transition to aggressive behaviors following mating. Furthermore, pre-
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treatment with an AVP 1a antagonist eliminated the increased partner preference
after mating (a behavior usually exhibited by prairie voles), while an oxytocin
antagonist or cerebral spinal fluid alone did not. Interestingly, animals treated with
the AVP antagonist after mating showed no decreases in aggressive behaviors,
suggesting that AVP is necessary for a transition to aggression rather than
“calming” an already aggressive animal (Winslow et al., 1993). This study is
important, as it shows that the AVP, through action of the 1a receptor, is essential
for bond formation in the male, and that selective blockade of this receptor prior to
activation can have effects on later behavior, and possibly physiology.
Extending the research examining the role of AVP in bonding and affiliative
behaviors, interspecies work with monogamous prairie voles and non-monogamous
montane voles (Microtus montanus) has proposed that differences in AVP 1a
receptor densities may be at least somewhat responsible for the differences in
mating strategies observed in these two species (Insel, Wang, & Ferris, 1994). One
study found that central administration of AVP increased affiliative behaviors in
male prairie voles, but did not in montane voles. This same study found that
transgenic mice implanted with the AVP 1a receptor gene of prairie voles exhibited
similar patterns of receptor distribution and increased affiliative behaviors after
central administration of AVP, in a manner similar to prairie voles (Young, Nilsen,
Waymire, MacGregor, Insel, 1999). Extending this work, one study utilizing
meadow voles (Microtus pennsylvanicus), animals that are usually very aggressive
towards other members of their own species, found that these voles will display
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affiliative behaviors similar to prairie voles (e.g. close contact with partners instead
of a stranger) through an artificial increase of AVP 1a receptors in the ventral
pallidum via viral vector gene transfer (Lim et al., 2004). This area is typically
associated with emotional regulation and motivation of behavior (Martin, 2003).
A separate study in prairie voles sought to determine exactly how
differences in the distribution of AVP 1a receptors were associated with various
behaviors. Hammock, Lim, Nair, & Young (2005) screened male prairie voles for
phenotypic anxiety-like and social behaviors. Anxiety-like behavior was assessed
via the time spent in the closed versus open arms of an elevated plus maze and time
spent in the center versus periphery of an open field. Social behaviors were defined
as paternal care, juvenile affiliation, partner preference, and selective aggression
during a resident-intruder test (which was used as an assessment of mate/nest
guarding behavior, a key component of male monogamy in this species). Significant
positive correlations were found between AVP 1a receptor densities and anxiety-like
behavior in several thalamic nuclei, the ventromedial hypothalamus, both the dorsal
and ventral portions of the periaqueductal grey, and the medial geniculate nucleus.
Significant negative correlations between AVP 1a receptor binding and social
behaviors, specifically partner preference were shown in several amygdaloid nuclei,
the ventral pallidum, as well as the dorsal and ventral periaqueductal grey
(Hammock et al., 2005). The results of this study are important, in that they
illustrate that the AVP 1a receptor, and specifically variation of this receptor, plays
an important role in both anxiety and bonding behaviors. The negative correlations
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between AVP 1a receptor distributions found would seem to be counter intuitive
given the hypothesis of the current experiment, as well as in opposition to previous
research that has shown artificial upregulation of AVP 1a receptors to increase
affiliative behavior in non-monogamous species (Lim et al., 2004; Pitkow et al.,
2001). This could represent that, at least for the ventral pallidum, there is a “sweet
spot” of receptor density, and that either too high or too low will affect prosocial
behaviors.
Voles are not the only species in which the link between the AVP 1a receptor
and bonding has been investigated. In a study conducted by Walum et al., (2008),
three repeat polymorphisms that flank the 5’ region of AVP 1a gene, and measures
of partner bonding and relationship status were examined for associations in a
sample from the Twin and Offspring Study in Sweden. The repeat polymorphisms
examined were an A(GT)25 dinucleotide repeat, a (CT)4-TT-(CT)8-(GT) repeat
(abbreviated RS3), and a (GATA)4 tetranucleuotide repeat (abbreviated RS1). The
measures of bonding included scores of the Partner Bonding Scale, number of
instances of marital crisis, marital status, and various subscales of the Dyadic
Adjustment Scale, including Dyadic Consensus, Dyadic Satisfaction, Dyadic
Cohesion, and Affectional Expression. Only the RS3-repeat polymorphism,
specifically the 334 allele, showed an association with PBS scores, with holders of
this allele showing significantly lower scores. Interestingly, this association was
found only in men, with women showing no significant differences for any of the
three polymorphisms. Furthermore, a dose-dependent response of the 334 allele was
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noted, with homozygotic carriers (i.e. two copies of the 334 allele) showing lower
scores than heterozygotes, and heterozygotes displaying lower levels than
individuals absent of this allele. The same pattern of results was indicated on other
tests of marital satisfaction, with women married to hetero- or homozygotes of the
334 allele displaying significantly lower scores of perceived affection expression,
consensus, and cohesion from their husbands when compared to women married to
men that did not carry the 334 allele (Walum et al., 2008). Taken together, the
results of this study indicate that, not only do variations in AVP 1a receptor genes
affect pair-bonding behavior in humans, but that this effect is observed primarily in
males. In addition, this study illustrates the idea that genetic variation can account
for differences in bonding ability, and that these differences are, in part at least,
moderated by the AVP 1a receptor.
Extending the idea that differences in AVP 1a receptor densities can have
strong effects on social behavior, it has been proposed that variation in AVP 1a
receptor densities may account for the lack of social bonding ability that is a
hallmark of autism (Kim et al., 2002; Yirmiya et al., 2006), and excess AVP or
dysfunction of the AVP system has been hypothesized to play a role in autism
formation in males (Carter, 2007). Assuming that these hypotheses are valid, it is
reasonable to predict that other variations in AVP 1a receptor densities could lead to
an enhanced bonding ability. Individuals with this enhanced bonding ability could
theoretically be more susceptible to the development of PTSD through enhanced
salience attached to witnessing a traumatic event experienced by another.
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Research has shown that both males and females utilize AVP in pair-bond
formation. Specifically, a study conducted by Cho, DeVries, Williams & Carter
(1999) examined the role of vasopressin and oxytocin in partner preferences of both
male and female prairie voles. Both males and females were administered central
perfusions of incrementally increasing dosages of AVP, oxytocin, AVP and an AVP
1a antagonist, or oxytocin and an oxytocin antagonist, 15 minutes prior to a 1-hour
cohabitation with an opposite sex partner. Following cohabitation, test animals were
immediately tested in a 3-hour partner preference test. This test consists of a Yshaped testing apparatus with three identical cages. The partner of the test subject
and a novel opposite-sex animal are placed at the top of the Y and tethered with
plastic collars. The test subject is allowed free access to either the previously
cohabitated animal or the novel animal. The amount of time spent in close contact is
compared and considered a measure of partner preference. Administration of AVP
and oxytocin prior to cohabitation amplified partner preference from control in a
dose-dependent manner in both sexes. Conversely, administration of peptides and
antagonists diminished social contact in both males and females (Cho et al., 1999).
The results of this study indicate that both AVP and oxytocin alone can enhance
bonding, both oxytocin and AVP 1a receptors are required for adequate bond
formation. This is important because it illustrates the complex interaction between
AVP and oxytocin in the establishment of social bonds.
Differences in the role of AVP in bonding for each sex do exist however.
For example, research has implicated AVP as a vital component in male bonding,
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but may not play the same role in female bonding (Insel & Hulihan, 1995; Winslow,
1993). For instance, central administration of AVP into male animals increases pair
bond formation in the absence of a sexually receptive female (i.e. ovariectomized),
while administration of an AVP 1a antagonist prior to mating abolishes these effects
(Winslow, 1993). In contrast, female prairie voles were shown to develop a partner
preference in the absence of mating with an infusion of oxytocin, but not after an
infusion of AVP or cerebral spinal fluid (Insel & Hulihan, 1995).
Furthermore, it has been shown that AVP may have sex-specific differences
in the communication of social information through viewing of faces. In a study
conducted by Thompson, George, Walton, Orr, & Benson (2006), intranasal AVP or
saline was administered to both men and women prior to viewing angry, happy, and
emotionally neutral faces. Facial electromyograph (EMG), heart rate, and skin
conductance served as physiological dependent variables, and ratings of the
approachability or friendliness of the faces, as well as a state anxiety inventory,
served as subjective psychological dependent variables. No significant effects in
heart rate or skin conductance were observed in males or females. However, in
males, AVP increased EMG responses in the corrugator supercilii, a muscle
typically associated with the perception of threatening stimuli, in response to
emotionally neutral faces, when compared to controls. In women, AVP had the
reverse effect, with women showing significant inhibition of the corrugator in
response to angry and happy, but not neutral faces. Increases in zygomaticus EMG
(associated with smiling) in response to neutral faces when compared to controls
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were noted in females. While AVP increased subjective state anxiety in both sexes,
approachability ratings of happy faces were reduced in men, whereas these ratings
were increased in women (Thompson et al., 2006). Taken together, the results of
this study highlight how AVP functions differently in males and females in response
to social stimuli. Furthermore, this study illustrates that AVP may amplify the
negative aspects of ambiguous stimuli in men.
The preceding information provides evidence for AVP as a key component
of social interaction and a possible mediator of vicarious stress and enhanced
vicarious stress. To address the hypotheses proposed in the current study, a uniquely
social species, the prairie vole, was utilized as a rodent model. We will now turn to
evidence that underscores the suitability of this species within the current paradigm.

The Prairie Vole Model

Given the aforementioned evidence that 1) the stress experienced by one
individual can “infect” another, 2) a prior bond between two individuals may
enhance this vicarious transmission of stress, and 3) that AVP has been shown to be
involved in both bond formation and the stress response, the prairie vole has been
chosen as an ideal translational species to investigate the hypotheses proposed in the
current experiment for several reasons. Carter and Getz (1993), point out that in the
wild, prairie voles will demonstrate social (although not sexual) monogamy that can
last a lifetime. It is in this way that prairie voles, like humans, are one of the roughly
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3% of mammals that exhibit social monogamy (Kleiman, 1977). Females in this
species do not enter estrus, and are thus not sexually receptive, until contact is made
with an unfamiliar male. In this way, incest is avoided, as fathers and brothers are
unable to bring about sexual maturity in females. The changes in sexual maturity
occur rapidly once females are exposed to male pheromones of unknown males.
Related to this, in one study, it was shown that norepinephrine and luteinizing
hormone-releasing hormone were increased within one hour of unfamiliar male
urine exposure (Dluzen, Ramirez, Carter, & Getz, 1981).
Once a sexually naïve female is exposed to an unrelated, sexually naïve
male, the median onset of sexual activity is 52 hours, with numerous mating bouts
that last for a median of 25 hours (Witt, Carter, Carlstead, & Read, 1988). Similar to
polygamous species, estradiol increases in females prairie voles in heat, and rapidly
declines as a result of mating. Unlike polygamous species however, progesterone
levels in female prairie voles do not rise immediately following cessation of mating,
but rather increase significantly by 72 hours after the onset of mating (Carter et al.,
1989). This delay in progesterone elevation is thought to explain the extended bouts
of mating that occurs within this species, and as a result, could enhance the ability
for animals to bond (Carter & Getz, 1993).
After initial exposure, male and female bonds have been operationally
defined through the amount of time spent in side-by-side contact. Female prairie
voles have been shown to spend significantly more time in side-by-side contact with
males with which they have previously cohabitated for 24 hours or more, when
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compared to time spent with a stranger or alone. Furthermore, this increase in sideby-side contact can be observed in as little as 6 hours of cohabitation if
accompanied with a bout of mating (Williams et al., 1992). In support of this,
previous research from within our lab has found that most of male/female pairs
introduced engaged in a majority of side-by-side contact observed during a 3-hour
social bond assessment, that the amount of time spent in side-by-side contact was
normally distributed, and that no animal pair spent more or less than 2 standard
deviations of the mean in side-by-side contact (McNeal et al., 2014).
Following mating, both male and female prairie voles can become extremely
aggressive towards unknown members of the same sex. This behavior is in direct
opposition to behavior observed in sexually naïve animals. This behavior, often
referred to as “mate guarding” or “nest guarding”, is thought to be indicative of the
formation of a social bond, and mediated by AVP that is released during mating
(Carter & Getz, 1993; Winslow et al., 1993).
Despite aggression towards unknown animals of the same sex, this species is
incredibly social towards known individuals, and as such has been shown to be
especially susceptible to social perturbations. In support of this point, research has
shown that four weeks of social isolation from a same-sex sibling, or 5 days
separation from an opposite-sex bonded partner results in behaviors that mimic
human depression, such as anhedonia (as assessed through decreased sucrose
intake) and increased measures of learned helplessness (as assessed through

81

increased immobility in a forced swim test) (Grippo, Lamb, Carter, & Porges,
2007b; Grippo, Wu, Hassan, & Carter, 2008; McNeal et al., 2014).
Social isolation not only induces behavioral changes in these animals, but
also alters cardiac functioning, increases stress hormones, and disrupts autonomic
balance. For instance, it was shown that four weeks of isolation from a same-sex
sibling significantly elevated resting heart rate and decreased heart rate variability.
Furthermore, isolation led to an exaggeration in cardiac response to an acute stressor
following the isolation period (resident-intruder). These cardiac affects seem to be
related to a withdrawal of PNS (i.e. vagal) cardiac control, as both a reduction of
respiratory sinus arrhythmia amplitude (which is a measure of vagal nerve activity)
and a significantly smaller increase in heart rate was observed when given a
cholinergic (i.e. PNS) antagonist (Grippo, Lamb, Carter, & Porges, 2007b). An
additional study conducted by this group (2007c) found, through pharmacological
autonomic blockade, that prairie voles exhibit primary vagal cardiac control
(Grippo, Lamb, Carter, Porges, 2007c). Interestingly, many of these same effects
can be observed after an isolation period of only 5 days from an opposite-sex
bonded partner, including a significant increase of both heart rate and plasma stress
hormone levels (e.g. corticosterone). In addition, a significant decrease in heart rate
variability and altered autonomic cardiac control was also noted, suggesting a shift
to a pattern of elevated sympathetic and decreased parasympathetic cardiac drive
(McNeal et al., 2014). These results are important within the context of the current
study, as prairie voles appear to exhibit primary PNS cardiac control in a manner
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similar to that reported in humans (Higgins, Vatner, & Braunwald, 1973), whereas
other typical laboratory species such as rats and mice exhibit primarily SNS control
of the heart (Grippo, Moffitt, & Johnson, 2002; Ishii, Kuwahara, Tsubone, &
Sugano, 1996). As cardiac function in the face of vicarious stress is a dependent
variable utilized in the current experiment, cardiac responses of the test subjects will
increase the translational utility of the current paradigm.
Differing from the studies discussed above, the current experiment seeks to
examine the role of the opposite-sex bond within these animals. Unlike typical
laboratory species such as the rat or mouse, prairie voles are one of the roughly 3%
of mammals found to mate monogamously, with this being the primary mating
structure observed in the wild (Getz, Hofman, & Carter, 1987; Kleiman, 1977). This
means that prairie voles are similar to humans in that they show the ability to
identify and discern their bonded partners from novel animals. Furthermore, as was
previously mentioned, the bond between opposite-sex partners is certainly different,
if not arguably more salient to these animals, as previous research has shown that 5
days of isolation from a bonded opposite-sex partner is sufficient to produce
increases in depressive-like behavior and basal corticosterone in male animals,
while this same period of isolation from a same-sex sibling does not (Bosch, Nair,
Ahern, Neumann, & Young, 2009). An additional study examining the role of
isolation found that animals housed with stranger partners showed attenuated stress
effects (i.e. increased glucocorticoid levels and increased CRH cell density in the
PVN) when compared to isolated animals, while animals housed with siblings
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showed no alterations (Ruscio, Sweeny, Hazelton, Suppatkul, & Carter, 2007).
Together, these studies provide evidence that the type of relationship between
animals has profound effects on the level of social stress that can occur.
Also important to the context of the current paradigm is the idea of social
recognition. Imbedded within the hypotheses of the current experiment is the notion
that male animals will be able to distinguish between stranger females and a bonded
partner. Evidence has shown that prairie voles participate in nest sharing with
multiple generations of offspring and exhibit bi-parental care of young (Young &
Wang, 2004). Within these large family groups, prairie voles exhibit strong familial
bonds and have been shown to avoid incest with both biologically related others as
well as cross-fostered animals that have shared the same nest (Gavish, Hofmann, &
Getz, 1984). Taken together, this research, combined with the information of prairie
vole monogamy, indicates that this animal has the ability to discern prior bonded
mates from novel animals, and that behavior and physiological measures can be
affected as a result of this discernment.
Finally, the prairie vole was chosen in the current experiment because of the
large volume of previous work establishing AVP, and specifically the AVP1a
receptor subtype, as a necessary component for bonding in the male of the species
(Winslow, Hastings, Carter, Harbaugh, & Insel, 1993). For instance, differences in
AVP 1a receptor distribution in the monogamous prairie vole and the nonmonogamous montane vole have been found to be responsible for both inter- and
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intraspecies differences in bonding ability and anxiety-like behavior (Hammock,
Lim, Nair, & Young, 2005; Hammock & Young, 2002).

Summary

Together, the information that AVP is associated with bonding, social
recognition, memory, and is released during stress, it is hypothesized that AVP is a
key mediator of enhanced vicarious stress response in observers of bonded partners
experiencing a stressor. The mechanism proposed is stimulation of AVP 1a receptors
in the brain in response to the perception of a stressor. While AVP is released during
stress to help increase blood pressure and potentiate the action of CRH and ultimate
glucocorticoid release, it is also released in large amounts throughout the brain in
the extracellular space, as shown through higher levels of AVP found in cerebral
spinal fluid than found in the periphery (Ludwig & Leng, 2006). This release
stimulates AVP 1a receptors responsible for the formation of bonds and social
recognition. If the source of the stressor is one with which a prior bond is shared, the
salience of the vicarious stress increases. This increased salience thus leads to
enhancement of the physiological stress response. The implications of this possible
mechanism are far reaching.
In terms of chronic stress, we need only examine married couples as a prime
example. The definition of stress but forth by McEwen (2010) is “a real or
interpreted threat to the physiological or psychological integrity of an individual
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(McEwen, 2010). If the definition of stress is something that is real or “interpreted”
as a threat to homeostasis by an individual, then it would stand to reason that
individual’s interpretations of what is and is not a stressor are not identical. This
would include members of a marital dyad. In other words, one of the couple could
“perceive” many more events as more stressful than the other member of the dyad
(e.g. one spouse more concerned about finances than the other or one spouse
working a perceived higher stress job than the other). If enhanced vicarious stress is
activated, the partner indirectly experiencing the stressor, through observing the
higher-stress spouse’s distress, could exhibit similar negative physiological
symptomology to directly experiencing the stressor (i.e. ulcers, cardiovascular
issues).
In the case of acute stress, enhanced vicarious stress can also play a large
role. For instance, it has been argued that individual differences in personality and
beliefs may be more predictive of PTSD formation than the characteristics of the
event itself (for review, see Bowman, 1999). Comparative studies in voles have
shown that inter- and intraspecies variation in the number and distribution of AVP
1a receptors greatly affect the ability to bond (Hammock et al., 2005; Wang, Young,
Liu, & Insel, 1997). In humans, repeat polymorphisms in the AVP 11 receptor gene
have been associated with pair-bonding related behavior in men, including marital
status, perceived problems in marriage, and marital quality as perceived by spouses
(Walum et al., 2008). Given this information, it may be possible that individual
differences in AVP 1a receptor number and distribution, the same that would make
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an individual more capable of bonding with another, could get “hijacked” during the
observation of a cared for other directly experiencing a stressor, making these
individuals more susceptible to secondary traumatic stress, and possibly not ideal
candidates for careers in which the witnessing of others experiencing trauma is a
likely possibility (i.e. soldiers, first responders).

CHAPTER 2
CURRENT EXPERIMENT

The present study was designed to determine if a prior established bond
between two individuals enhances the vicarious stress response in observers, and to
determine if the AVP 1a receptor is a key mediator responsible for this
enhancement. The current paradigm utilizes an animal model to exercise
experimental controls that are unrealistic or unethical to duplicate in human studies.
Specifically, the current experiment sought to determine if a prior
established opposite-sex bond between two prairie voles would enhance anxiogenic
behaviors and physiological stress response in observers of a bonded partner
experiencing a species relevant stressor. The current paradigm also examined the
role of the AVP1a receptor as a possible mediating factor in this proposed vicarious
stress enhancement.
Adult, male prairie voles were the subject of analysis in the current
experiment. Males were chosen for this experiment for several reasons. First, AVP
containing fibers have been shown to be significantly greater in male prairie voles
when compared to females (Bamshad, Novak, De Vries, 1993). In line with this
finding, research has shown that AVP is necessary for male prairie voles to display
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behaviors associated with the formation of a social bond (i.e. selective aggression
and partner preference). This selective aggression can be conceptualized as a
territoriality or “mate guarding” that could lead to males being more protective of
bonded individuals (Carter & Getz, 1993; Winslow et al., 1993). Females of this
species, on the other hand, appear to require oxytocin to form social bonds, as
infusion with oxytocin led to a development of partner preference in females that
was not observed after cerebral infusion with vasopressin or vehicle (Insel &
Hulihan, 1995). Taken together, these studies suggest that AVP is 1) present in
higher concentrations within the male brain and 2) may play a stronger role in social
bonds in males than females, with an augmentation of male protective behaviors in
response to vasopressinergic stimulation. Given the theory behind the hypotheses
proposed in the current experiment, this could mean that males may be more
susceptible to an enhancement of vicarious stress if the observed target is a
previously bonded individual through primarily vasopressinergic mechanisms.
In addition to the sexually dimorphic role of AVP, information gained from
the current experiment could have profound implications for the prevention of
trauma symptoms that occur as a result of enhanced vicarious stress exposure. The
key to this prevention however, is some level of predictableness as to when and
where enhanced vicarious stress could occur. In regards to this point, there is a vast
overrepresentation of males in occupations where exposure to pseudo-predictable
traumatic events is more likely. For instance, males comprise a large proportion of
the U.S. military, representing 85% of all enlisted soldiers as of 2013 (Office of the
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Assistant Secretary of Defense for Readiness & Force Management, 2014). Males
have also been shown to represent 74% of emergency medical service providers,
94% of firefighters, and 87% of police and sheriff patrol officers (United States
Bureau of Labor Statistics, December 2015). These professions not only increase
the likelihood of being exposed to traumatic events, but also increase the chances of
developing PTSD. For instance, veterans of Iraq and Afghanistan have been shown
to display rates of PTSD nearly twice as high as the general population (Kessler et
al., 2005; Tanielian & Jaycox, 2008). Furthermore, research examining first
responders following disasters have reported rates of PTSD that are consistently and
significantly higher than those found in the general population (Fullerton, Ursano, &
Wang, 2004; McFarlane, Williamson, & Barton, 2009). The current research may
have implications in helping to understand the underlying mechanisms responsible
for the development of certain kinds of PTSD, specifically symptoms that occur
after observing trauma that occurs to someone with which an individual has bonded
(e.g. partners, fellow platoon members). This type of trauma exposure can be
somewhat predicted (through work scheduling or mission assignments) in a way
that other forms of trauma exposure (e.g. rape, physical assault, auto accidents)
cannot. The fact that males make up the vast majority of individuals that are
chronically exposed to these type of pseudo-predictable traumatic events make them
the ideal starting point for examining the role of the AVP 1a receptor in this type of
vicarious stress exposure.
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To test both the role of a prior established bond, as well as the role of the
AVP 1a receptor in the vicarious stress response, the current experiment utilized
four total groups (N = 28) to test the hypotheses proposed. Specifically, to examine
the hypothesis that a prior established bond will enhance the vicarious stress
response in observers, males with a prior established bond (Bonded Vehicle group, n
= 7) observed their bonded females experience a 5-minute tail suspension test
(TST), while being allowed to freely move throughout the bottom of the testing
chamber. Physiological measurements of stress response activation, as well as
behavioral measurements of anxiety-like behavior were collected and analyzed. This
information was compared to male animals observing bonded female partners of
others (Stranger Vehicle group, n = 7). It was hypothesized that physiological
measurements of stress response activation and anxiety-like behavior would be
significantly increased in animals with a prior established bond when compared
animals that did not.
To test the hypothesis that the AVP 1a receptor is a key mediator of the
proposed vicarious stress enhancement, two additional groups were tested with the
addition of a potent AVP 1a receptor antagonist. Physiological and behavioral
measurements of the Bonded Drug (n = 6) group were compared to the Stranger
Drug (n = 8), as well as the Stranger Vehicle and Bonded Vehicle groups. It was
hypothesized that an interaction between drug and bond status would be detected,
resulting in animals of the Bonded group that were administered the AVP 1a
antagonist showing no significant differences in stress response activation or
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anxiety-like behaviors when compared to stranger animals of both the Drug and
Vehicle subgroups, but would show significantly lower stress response activation
when compared to Bonded animals that were administered Vehicle.

Specific Aim 1

To investigate the hypothesis that the presence of a prior established social
bond between two individuals will enhance the physiological and behavioral indices
of vicarious stress response in an individual observing another individual
experiencing a stressor.

Hypothesis 1a

Measures of physiological stress response activation, including circulating
plasma levels of corticosterone and heart rate will be significantly elevated in
animals of the Bonded Vehicle group when compared to animals in the Stranger
Vehicle group.

Hypothesis 1b

Measures of anxiety-like behavior, including lack of ambulation, increased
escape behavior, and increased instances of rearing will be significantly elevated in
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animals of the Bonded Vehicle group when compared to animals in the Stranger
Vehicle group.

Specific Aim 2

To investigate the hypothesis that antagonism of the AVP 1a receptor will
decrease the vicarious stress response exhibited in bonded individuals.

Hypothesis 2a

Measures of physiological stress response activation, including circulating
plasma levels of corticosterone and heart rate will show no significant differences in
animals of the Bonded Drug group when compared to animals in the Stranger
Vehicle and Stranger Drug groups, but will be significantly lower than measures
observed animals of the Bonded Vehicle group.

Hypothesis 2b

Measures of anxiety-like behavior, including lack of ambulation, increased
escape behavior, and increased instances of rearing will show no significant
differences in animals of the Bonded Drug group when compared to animals in the
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Stranger Vehicle and Stranger Drug groups, but will show a significantly lower
than measures observed in animals of the Bonded Vehicle group.

CHAPTER 3
METHODS

Subjects

A power analysis was conducted utilizing previously published work
relating to the current experiment and revealed that sample sizes of approximately 8
animals per group was appropriate for the current experiment. For the analyses,
Cohen’s d was calculated, and a desired statistical power of 0.8 was set to minimize
chances of a type II error. A probability level of p < 0.05 was utilized in all analyses
reported. Cohen’s ds were calculated from: (a) Grippo et al. (2007e) for heart rate
changes in response to a stressor = 1.56 for an n size of 6; (b) Grippo et al. (2007e)
for heart rate variability changes (specifically the standard deviation of beat-to-beat
intervals, or SDNN index) in response to a stressor = 1.74 for an n size of 5; (c)
DeVries et al. (1995) for changes in corticosterone in response to a stressor = 16. 5
for an n size of 2; (d) Grippo et al. (2014) for behavioral changes in the open field in
response to a stressor = 2.59 for an n size of 3; (e) Ferris et al. (2006) for behavioral
changes in response to MC = 1.76 for an n size of 5. This information, coupled with
results from previous studies within our lab examining multiple dependent
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measurements in the same animal indicate that an n size of 8 per group is
appropriate, ensuring adequate power for all dependent measures utilized, and
accounting for sample size attrition due to surgical and/or drug injection issues, as
well as technical issues during behavior tasks.
Subjects were an initial total of 32 male prairie voles. Throughout the course
of testing, four subjects were excluded from analysis. Three animals were excluded
due to self or partner inflicted wounds attempting to remove the telemetry device
and one animal was excluded because the female undergoing the TST fell from the
bar during the testing period. These exclusions resulted in a total of 28 male prairie
vole subjects, each paired with a female partner. All animals used in this experiment
were bred in-house by trained Northern Illinois University animal care personnel.
Subjects were weaned from family groups at postnatal day 21 and housed in samesex sibling pairs in slightly tinted polysulfone cages until pairing with female
partners. Subjects were allowed to reach adulthood ( ≥ 60 days of age) before start
of experiments. Handling and cage changes were matched between groups to insure
uniformity of environmental conditions. Subjects were allowed access to food and
water ad libitum and were housed at a temperature of 20-21° C on a standard 14/10
light/dark cycle (lights on 06:30) throughout the duration of the experiment. All
experimental protocols were approved by the Northern Illinois University
Institutional Animal Care and Use Committee (IACUC), and conformed to the
United States Department of Agriculture regulations and National Institute of Health
guidelines as stated in the Guide for the Care and Use of Laboratory Animals.
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General Study Design

The general timeline of procedures is described here and is outlined in Table
1. Specific methodology for each procedure is described in the following sections.
The experimental timeline is modeled after previous timelines utilized within our
lab (McNeal et al., 2014). Male prairie voles (Microtus ochrogaster, N = 28) were
first implanted with a wireless radiotelemetry transmitter. After surgery, animals
were placed in a specially designed divided cage that allows maximum exposure to
a male sibling (i.e. olfactory, visual) without allowing for siblings to interfere with
healing of sutures. Animals recovered in this cage for a period of 5 days, and were
monitored for appropriate cardiac functioning, body temperature, activity level, food
and water consumption, and defecation. After this initial recovery period, animals
were returned to a standard cage with siblings for an additional 7-8 day recovery
period, complete with identical observation of physiological measurements of
adequate recovery. Following this period, 24 hours of baseline measurements of
animal functioning were obtained.
Following the baseline period, all test animals were paired with an unrelated
female partner of approximately the same age and weight for a period of 5 days to
establish a pair bond. This time period was chosen as adequate to achieve a pair
bond in prairie voles and has been used in our lab and others (Bosch et al., 2009;
McNeal et al., 2014). Approximately 48 hours into the pairing period, animal pairs
were video recorded for a 3-hour period to assess bonding.
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Table 1
Timeline of Experimental Events
Day of Experiment

Period

Description

1-2

Surgery

2-6

Initial Recovery

6-12

Standard Recovery

13-15

Baseline

15-20

Pairing

- Radiotelemetry
transmitters implanted
- Males placed in divided
cage with same-sex
sibling
- Males placed in standard
cage with same-sex
sibling
- Baseline physiological
measurements of males
recorded
- All males paired with
females

21

Testing

- Males acclimated to
testing apparatus for 20
min each day
- Animals assigned to
groups
- Males injected with
drug/vehicle and tested in
apparatus with
stranger/bonded partner
- Blood collected 10 min
after cessation of testing
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Previous research has shown that male and female prairie voles form a bond within
48 hours of pairing (Williams et al., 1992). Successful bonding was determined to
have occurred if males and females spend a majority of the 3-hour assessment in
side-by-side contact, which is an operational index of attachment previously
reported and used within our own lab (McNeal et al., 2014; Williams et al., 1992).
During the pairing period, males were removed from the home cage and
placed into the testing apparatus each day for 20 min to acclimate to the testing
apparatus. This control was put in place minimize any elevations in stress response
observed during the experimental protocol as a result of the novel environment of
the testing apparatus. Measurements of cardiac function, activity, and specific
behaviors were used to determine if group differences in acclimation occurred.
Following the pairing period, animals were pseudo-randomly assigned to
one of four testing groups: Bonded Drug, Bonded Vehicle, Stranger Drug, or
Stranger Vehicle. Pseudo-random assignment was conducted to insure that
genetically related animals were not assigned to the same group. Following group
assignment, all animals underwent the experimental protocol. Ninety minutes prior
to testing, male test subjects were injected with either an AVP 1a receptor antagonist
or vehicle intraperitoneally, depending on whether the animal was previously
assigned to the Drug or Vehicle testing group, and returned to the home cage until
the start of testing. Animals were monitored during this period for any adverse
reactions to the injection.
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After the 90-minute injection-waiting period, either the bonded female
partner, or the bonded female partner of another animal depending on Bonded or
Stranger group assignment was attached to a central bar of the apparatus by the tail
to experience the TST. Once females were placed securely by the tail, males were
placed next to the testing apparatus to assure cardiac signal was established and
telemetry recording commenced. Once cardiac telemetry recording began, males
were placed into the apparatus, for 5 minutes, during the female TST, with males
allowed to observe freely the testing procedure. Behaviors exhibited by both male
and female animals during the testing period were recorded via video camera for
later analysis. Cardiovascular function and activity were recorded in the male
subjects throughout the testing period.
Ten minutes after completion of the testing period, blood was collected from
male animals, in a manner previously described by our lab (Grippo et al., 2007), to
assess circulating plasma levels of corticosterone. Corticosterone was chosen as the
most robust biomarker of stress response activation, as other measures, such as
circulating plasma ACTH are more difficult to measure consistently within this
species. Following blood collection, males were euthanized via a ketamine/xylazine
injection and cervical dislocation. Radiotelemetry transmitters were then surgically
removed and sterilized for future use. Females were euthanized via carbon dioxide
inhalation and cervical dislocation.
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Telemetric Transmitter Implantation

Animals were anesthetized with a mixture of isoflurane (Baxter, IL USA)
and oxygen throughout surgery. Subjects were placed into an anesthesia chamber at
2% isoflurane until rendered unconscious and then transferred to a nose cone. Both
anesthesia chamber and nose cone apparatus were mounted above a heated surgical
pad (37° C). Once subject was no longer responsive to a tail pinch, the surgical area
was shaved and scrubbed with betadine. The isoflurane/oxygen mixture was
monitored and adjusted accordingly throughout the procedure to avoid respiratory
distress in the subject. The procedure for implanting transmitters was similar to
those described previously in prairie voles (Grippo, Lamb, Carter, & Porges, 2007).
A caudal-to-rostral skin incision was made on the ventral surface of the animal,
slightly lateral to the midline. Subject’s skin was then separated from the underlying
muscle, and another caudal-to-rostral incision was made through the muscle.
Through this incision, internal organs were retracted to prevent damage or
obstruction as a radiotelemetry transmitter (Data Sciences International, St. Paul,
MN: Model TA10ETA-F20) was placed into the abdominal cavity. Wire leads from
the transmitter were directed through a small puncture in the abdominal muscle. The
transmitter body was then sutured to the muscle and main muscular incision was
sutured closed. A trochar (with a plastic sleeve) was used to tunnel under the skin
from the transmitter to the heart. The wire leads from the transmitter were directed
rostrally to lie on top of the muscle of the chest. Positive and negative leads were
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then sutured to the muscle on the left and right (respectively) of the heart. Finally,
all skin incisions were sutured closed using a non-absorbable silk suture.
Following radiotelemetry transmitter implantation, the subject’s vital signs
were monitored closely until consciousness was regained. At this point, the subjects
were housed with siblings for 5 days in custom-designed cages that allow for sibling
reintroduction with minimal contact, to insure proper healing at the surgical site.
After this initial recovery period, subjects were returned to normal housing (with
same-sex sibling) for an additional 5 to 7 day recovery. During the 12 day postsurgery period, subjects were assessed for characteristics of proper recovery,
including adequate urination/defecation, adequate activity level (approximately 2
counts per minute or higher, as assessed via radiotelemetry data acquisition system,
appropriate body temperature (approximately 37.5° C), and stabilization of heart
rate (approximately 350-400 beats per minute).

Radiotelemetry Recordings and Quantification of Cardiac Variables

Electrocardiogram (ECG) signals were recorded either according to a predetermined schedule or continuously during the baseline period, pairing period,
acclimation periods, and for the duration of the 5-minute testing protocol with a
telemetry receiver (Data Sciences International, St. Paul MN). The analog signal
from the receiver was digitized with a 12-bit precision at a sampling rate of 5 kHz.
The system used allows for the measurement of multiple physiological parameters,
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including ECG, activity, and body temperature, to be monitored in animals that are
conscious and freely moving.

Baseline Period

Following recovery from implantation, the ECG signals of all animals were
recorded. Physiological parameters were recorded for 1 minute at hourly intervals
during an undisturbed period between 1-3 days to determine baseline cardiac
measurements for test animals, in a manner similar to previous research conducted
by our lab (Grippo et al., 2007 a,b,c,d; Grippo et al., 2009; Grippo et al., 2011,
McNeal et al., 2014). Resting cardiac parameters were derived from ECG data
sampled during a period of minimal activity (5 counts per minute or less, as
assessed by the radiotelemetry transmitter).

Pairing Period

Following the baseline period, all subjects were separated from their siblings
and pseudo-randomly paired with an unrelated female of approximately the same
age and appropriate bodyweight, for 5 days, in a manner previously described by
Bosch et al. (2009) and utilized within our lab (McNeal et al., 2014). Pseudorandom assignment was utilized to insure that sibling females were not tested as
“stranger” animals to males previously bonded with the female’s sibling. During
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this period, subjects and female partners were allowed to behave naturally.
Physiological data from test subjects, including activity level, body temperature, and
ECG measurements were sampled for 1 minute at hourly intervals throughout this
period.

Social Bond Assessment

Previous research of bonding within this species has shown that male-female
prairie vole dyads typically form a social bond within 48 hours of initial pairing, as
assessed through a partner preference test, in which animals spent a majority of time
in side-by-side contact (an operational definition of attachment) with a previously
bonded partner when given the option to interact with an unknown animal (Williams
et al., 1992). Taking this information into account, the male/female pairs within the
current study were video recorded for 3 hours on day 3 of the pairing period.
Behavior was scored by a trained observer in 5-minute samples taken every 15
minutes of the 3-hour assessment period. Behaviors were assessed as affiliative or
individual in nature (see Table 2 for a detailed description of operational definitions
of behaviors) in a manner similar to McNeal et al. (2014). For the purposes of
analysis, the “nest” was an area within the cage in which both animals were
observed to be resting for a majority of the duration of the testing period, although
nesting material (e.g. cotton fiber) was not provided to test subjects. Animals were
considered to have achieved a pair bond if the mean duration of affiliative behavior
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observed during the sampled video segments fell within two standard deviations of
the mean duration of all affiliative behaviors. Animals that did not exhibit a mean
duration of affiliative behaviors less than two standard deviations of the mean were
considered not to have formed a pair bond, and were thus excluded from further
analysis.
Table 2
Operational Definitions of Social Bond Assessment

Affiliative behaviors
Side-by-side contact
Sniffing
Grooming (side-by-side)
Grooming (partner)
Mating
Individual behaviors
One away from "nest"

Operational definitions
- Both animals are touching anywhere in the
cage
- One animal is sniffing other (i.e. face, body,
anogenital region)
- One animal grooming itself (i.e. licking, paw
stroking) while in side-by-side contact with
other animal
- One animal grooming (i.e. licking, paw
stroking) partner
- Both animals engaged in act of mating
Operational definitions
- One animal away from "nest" while other
stays behind

One eating/drinking; one at
"nest"

- One animal eating or drinking while other
animal is located within the "nest"

One eating/drinking; one away
from "nest"

- One animal eating or drinking while other
animal is located outside of the "nest"

Two eating/drinking

- Both animals eating or drinking without sideby-side contact

Two away from "nest"

- Both animals within the cage, outside of the
"nest", without side-by-side contact
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Acclimation

Each day during the acclimation period, males were removed from home
cage and placed in the testing apparatus for a period of 20 minutes to acclimate prior
to commencement of the experimental protocol. Continuous ECG recordings and
video recording were conducted on the 1st and 5th day of acclimation to assess that
no group differences existed in acclimation to the testing apparatus.

Groups

A summary of the testing groups is contained in Table 3. Following the
surgery, recovery, baseline, and pairing periods, males (N = 28) were pseudorandomly assigned to one of four testing groups: Bonded Drug (n = 6), Bonded
Vehicle (n = 7), Stranger Drug (n = 8), or Stranger Vehicle (n = 7), to insure that
littermate siblings were not assigned to the same testing group.
Table 3
Summary of Testing Groups

Observing previously bonded
and known female experience
TST
Observing a bonded, but
unknown, female experience
TST

Injection with
d(CH2)5,Tyr(Me)2,
Arg8)-Vasopressin

Injection with sterile
water

Bonded Drug
(n = 6)

Bonded Vehicle
(n = 7)

Stranger Drug
(n = 8)

Stranger Vehicle
(n = 7)
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Ninety minutes prior to testing, males were injected with either 2mg/kg of
(d(CH2)5,Tyr(Me)2,Arg8)-Vasopressin (referred to hereafter by MC, shorthand for
the chemical’s common name, “Manning compound”; Sawyer & Manning, 1984) or
vehicle (sterile water) intraperitoneally (I.P.), depending on Drug or Vehicle
designation. Drug was obtained from Tocris Bioscience (Bristol, United Kingdom)
as a lyophilized solid and diluted in sterile water at a ratio of 1mg/2ml. Animals
were injected at a dosage of 4ml/kg for a final dosage of 2mg/kg. MC is a potent
AVP 1a antagonist, utilized in many behavioral studies of rodents, that is known to
have some brain penetrability from peripheral administration (Manning et al., 2012;
Ferris et al., 2006). MC has been shown to have behavioral effects on bonding
ability in prairie voles when administered centrally (Cho, DeVries, Williams, &
Carter, 1999) and on aggression in Siberian hamsters when administered I.P. at this
dosage and in this time course (Ferris et al., 2006). The effects observed from I.P.
administration putatively occur through antagonism of central receptors, as lower
doses known to antagonize only peripheral AVP1a receptors did not show the same
behavioral effects (Ferris et al., 2006). Preliminary data obtained within our
laboratory have demonstrated MC at a dosage of 2mg/kg administered through I.P.
injection was not toxic to prairie voles.
Furthermore, locomotive behavior for this dosage was found to not be
hindered, as a Student’s t-test revealed no significant difference in mean time spent
in motion in the open field when compared to control animals (57.4 seconds vs.
62.86 seconds, p = 0.23). It should be noted that, while MC shows strong affinity for
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the AVP 1a receptor over other AVP receptor subtypes, there has been some activity
noted at the oxytocin receptor in vivo and in vitro in rats (Manning et al., 2008).
Despite this activity, MC is the best described and most selective AVP 1a antagonist
currently available that has shown behavioral effects in prairie voles (Cho, DeVries,
Williams, & Carter, 1999).
Males assigned to both the Bonded Drug and Bonded Vehicle groups were
placed in the testing apparatus to observe the female with which a previous pair
bond had been established, experience the 5-minute TST. Males assigned to the
Stranger Drug and Stranger Vehicle groups were placed in the testing apparatus to
observe a female that had been pair bonded to a different male, but was unknown to
the test subject, experience the 5-minute TST.

Behavioral Tests

Testing Protocol

The testing protocol of the current experiment was one that has been
previously utilized by our lab (Wardwell et al., 2014) for the purposes of allowing
an animal maximal sensory exposure to observe another animal undergoing an acute
stressor. The stressor used in the current protocol was the TST, which is a validated
stressor that has been used to measure depressive-like activity in rodents (Cryan,
Mombereau, & Vassout, 2005). During the course of the TST, the observing male
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was located within an open field area of the testing apparatus. The open field test
has been used in animal testing for over 70 years to measure animal behavior. In the
current experiment, females underwent a 5-minute TST, while either a male with a
prior established bond or unknown male was allowed to move freely in the open
field portion of the testing apparatus. During testing, behaviors of males and
females, and cardiac data of males were recorded for later analysis. After
completion of testing, blood from each male was obtained to determine circulating
plasma levels of corticosterone, which is associated with stress response activation.

Testing Apparatus

The testing apparatus (see Figure 1) consisted of a white-bottomed, square
box (40cm x 40cm, internal bottom dimensions). The sides of the box were
composed of transparent Plexiglas, at a sufficient height to prevent escape from
males placed in the apparatus. Horizontally placed across the middle of the box was
a copper tube that was used to attach the female animals that experienced the TST.
One camera was mounted with an over-head view, to record the behaviors of both
the male and female animals exhibited within the testing apparatus.
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.
Figure 1: Schematic of the testing apparatus.

Combined TST and Open Field Procedures

In the current experiment, the TST was utilized as the stressful event directly
experienced by the female and vicariously experienced by the male. The TST has
been previously used to model depression-like behavior and test antidepressant
effects in rodents (Cryan et al., 2005). The test exploits the natural hemodynamic
stress that occurs when an animal is suspended with the head below the body, and
couples this stress to an inescapable situation. A “hopeless” state of immobility can
be observed after a short time period, indicated by the cessation of movement,
except for respiration, and the lack of “active” coping strategies (i.e. trunk flailing
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and appendage movement). Previous research has shown that these effects can be
reduced or eliminated with the prior administration of antidepressants (Cryan et al.,
2005). The TST was chosen as the stressor in the current experiment to maximize
olfactory, visual, and auditory stimuli available to the observing male. Females were
suspended by the tail for 5 minutes, while males were allowed to move freely about
the bottom of the testing apparatus.

Behavioral Assessment

Behaviors of both females and males were recorded. Behaviors of males
were scored by trained personnel using Observer XT 8 software. Video files were
converted from .MOV files to a compatible .AVI file for use with the Observer XT
8 software, using Cyberlink PowerDirector Express (5.0) conversion software.
Observers were trained to produce consistently inter-rater reliability scores, as
assessed via Cohen’s k, to the “good” classification of 0.70 (Altman, 1991). This
statistic is regarded as being more complete than simple percent agreement of raters,
as it takes into account the possibility of agreement obtained through chance. Males
were scored in the open field for the presence of exploratory and anxiety-like
behavior (see Table 4 for a complete list of operational definitions). Anxiety-like
behavior was assessed for duration and frequency.
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Table 4
Operational Definitions of Open Field Behaviors

Motion

Paused

Rearing

Escape Behavior

Other

- Walking or running
- This behavior is categorized by forward or backward
progress (i.e., turning in a circle does not count)
- All four limbs will be involved (i.e., If the animal leans
forward or stretches it body but does not move all four limbs
or change location, the animal is not in motion)
- Sitting/standing still
- The animal may turn its head or even rotate in a circle, but
no change in location is made
- If the animal begins to groom itself, this is considered a
pause
- Any time the animal stands on its back paws and lifts upper
body/front paw(s) off of the floor of the apparatus while in
the surround area
- Animal may place paws on the wall of the apparatus, but
not in a scratching motion (rearing with scratching designated
as “Escape Behavior”)
- Any time the animal stands on its back paws and lifts upper
body/front paw(s) off of the floor of the apparatus while in
the interior
- Only counted if animal has rear paws within the center
square
- Any time animal scratches with front paws at the wall of the
apparatus
- Any time animal scratches at the floor where the floor meets
the wall of the apparatus
- Any time animal is chewing or biting at corner or wall of
apparatus
- Jumping by the animal at the wall of the apparatus with or
without combined scratching at the wall
- If animal rears first and then begins jumping, the behaviors
would first be designated as “Rear (Surround) and then
immediately thereafter as “Escape Behavior”
-Any behavior that does not fit into the above categories
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One of the most widely utilized measures of general arousal and anxiety-like
behavior within the open field is a calculation of time spent in the center of the
apparatus vs. the surround. This is behavior is termed “thigmotaxis”, which is a
preference for rodents to remain close to the outer walls of an apparatus (Walsh &
Cummins, 1976). Based on prior literature that has examined the validity of the
open field test (Prut & Belzung, 2003), it is reasoned that time spent in the center of
the apparatus is anxiolytic in nature. This behavioral measurement is inappropriate
in the context of the current experiment however, as the presence of the female
undergoing the TST in the center of the apparatus poses a potential confound that
would make interpretation of time spent in the center of the apparatus difficult to
impossible. It is for this reason that location was not used as a measure of anxietylike behavior in the current experiment.
Another of the most widely cited measurements of exploratory and anxietylike behavior is ambulation (Hunt & Otis, 1953; Walsh & Cummins, 1976). The
lack of ambulation, often referred to as “freezing” behavior, has been widely cited
as indicative of a high-stress state within rodents (Walsh & Cummins, 1976). Thus,
ambulation was measured by trained observers in terms of duration of movement
continuously scored throughout the 5-minute testing period.
In addition to ambulation, it has been shown in rats that are exposed acutely
to stressors can increase instances of rearing (i.e. with one or both front paws off of
the floor, either in the air or on the sides of the apparatus; Katz, Roth, & Carroll,
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1981). Frequency of rearing behavior in the center and surround of the apparatus
were recorded by trained observers.
The current experiment also utilized escape directed behavior (i.e. climbing
or jumping at the walls of the apparatus, or scratching at the floor at the walls or
corners of the apparatus) as an interpretable measurement of anxiety-like behavior.
Escape behavior has been measured in the open field for at least the last 50 years
(Walsh & Cummins, 1976).
Taking all of the aforementioned information together, the current
experiment considered lack of ambulation, increased instances of rearing, and
increased escape directed behavior to be indicative of an increased active stress
response displayed in test subjects. This information, in concert with cardiac and
endocrine data, allowed for a more complete picture to emerge as to how the
vicarious experience of the stress of a bonded partner differs from the vicarious
experience of stress of a stranger, and as to what role the AVP 1a receptor plays in
the mediation of this response.

Motion Capture Assessment

Movements of free roaming males within the open field apparatus were
captured by the EthoVision 3.0 (Noldus Information Technology, Leesburg, VA)
motion capture system. Video files were converted from .AVI format to a
compatible .MP4 file format to maintain compatibility utilizing HandBrake (version
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1.0) conversion software. Video files were then analyzed to determine total distance
traveled and peak speed for each 5-minute session for assessment through secondary
data analysis. The program accomplishes this task by determining the differences in
contrast recorded in the testing video. Dimensions of the testing field were entered
into the program, and a sampling rate of 30 Hz was used. Total distance traveled
was calculated from x- and y- axis coordinates determined by the software. Gross
estimates of velocity in meters traveled per second were calculated by the program,
and a peak speed was extracted from all data points.

Cardiac Assessment

Measurements of heart rate were sampled continuously during the 5-minute
testing period, and mean activity levels for each minute (as assessed from small
changes in signal strength as the animal moves about the testing apparatus) were
utilized for purposes of data analysis. The difference in mean heart rate recorded
during the testing period from baseline (as assessed during the final 24 hours of the
recovery period) and differences in SDNN index during the testing period were used
to assess stress response activation. Heart rate is an index of sympathetic nervous
system, and thus stress response activation. The SDNN index is representative of
both sympathetic and parasympathetic cardiac control and has been shown to
fluctuate in response to changes in the social environment and mood (Allen et al.,
2007).
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Plasma Collection Procedure

Ten minutes following the testing period, blood was collected from each
observing male in the manner previously described by Grippo et al. (2007). Subjects
received a subcutaneous injection of a mixture of ketamine and xylazine (mixture
67mg/kg ketamine and 13.3mg/kg xylazine). Two minutes after injection, when
animals were found to be unresponsive to a tail pinch, heparinized capillary tubes
were used to puncture the periorbital sinus and blood was removed for a period not
more than 1 minute and 30 seconds.

Analysis of Plasma Corticosterone

Collected blood was centrifuged at 4° C, at 3500 rpm, for 15 minutes to
obtain plasma. Circulating plasma levels of corticosterone were determined via
commercially available enzyme-linked immunoassay kits (Enzo Life Sciences,
Farmingdale, NY; Phoenix Pharmaceuticals Inc., Burlingame, CA) which have been
previously validated by our laboratory for use in prairie voles. Plasma for each assay
was diluted in assay buffer at a 1:500 ratio for corticosterone to provide results that
fall reliably within the linear portion of the standard curve. The minimum detection
limit for the corticosterone assay was 27.0 pg/ml.
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Euthanization

Following blood collection procedures, anesthetized males were tested for
unresponsiveness to a tail pinch. If responsive, animals were given an additional
subcutaneous injection of ketamine and xylazine until unresponsive. Once this result
was achieved, animals were euthanized via cervical dislocation, with death verified
by cessation of respiration. Following euthanization of males, the radiotelemetry
transmitter was removed. A flap of epidermis was cut to expose the majority of the
animal’s ventral surface. Transmitter leads were freed from the underlying tissue,
and sutures attaching the transmitter to the abdominal muscle were cut. The
transmitters were then cleaned under running tap water and sterilized using a multistep procedure. In the first step of sterilization, the transmitter was soaked in a 1
percent solution of Terg-A-Zyme (Haemo-Sol, Inc., Fisher Scientific), a detergent,
for approximately 24 hours. After soaking, the transmitter was rinsed with distilled
water and dried with a paper towel. Step two of sterilization consisted of placing the
transmitter in a pre-sterilized container filled with Actril (Minntech Corporation,
Minneapolis, MN) for approximately 24 hours. After this step, transmitters were
rinsed with sterile saline solution and placed in storage for re-implantation or return
to the factory of origin.
Following testing, females were euthanized via carbon dioxide inhalant.
Following this method of euthanasia, cervical dislocation was used to insure that
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death had been reached, and death was verified by a lack of responsiveness to a tail
pinch and the cessation of respiration.

Statistical Analyses

A p value < .05 was considered statistically significant in all Student’s ttests, two-way, repeated measures, and mixed ANOVAs used to test differences in
dependent measures. Partial eta squared (ηp2) was reported as an estimate of effect
size. Statistically significant main effects and interactions were subjected to posthoc Fisher’s LSD tests. The measures of cardiac function were calculated as the
mean number of muscle contractions (i.e. the electrographic R wave) recorded by
the telemetry software. Heart rate is presented as beats per minute. Measurement of
heart rate variability was calculated by determining the standard deviation of all
electrocardiogram peak intervals from data segments utilized (i.e. SDNN index) and
is expressed in milliseconds. This measurement has been previously described as an
ideal measurement of overall heart rate variability (Task Force of the European
Society of Cardiology and the North American Society of Pacing and
Electrophysiology, 1996).

Primary Analyses
To test hypothesis 1a (i.e. that measures of physiological stress response
activation, including circulating plasma levels of corticosterone and heart rate will
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be significantly elevated in animals of the Bonded Vehicle group when compared to
animals in the Stranger Vehicle group), separate independent t-tests were utilized to
compare the mean change in heart rate and mean circulating plasma corticosterone
levels between the two groups.
To test hypothesis 1b (i.e. that measures of anxiety-like behavior, including
lack of ambulation, increased escape behavior, and increased time spent rearing will
be significantly elevated in animals of the Bonded Vehicle group when compared to
animals in the Stranger Vehicle group), separate independent t-tests were utilized to
compare the mean duration in motion as assessed via behavioral scoring, mean
instances of escape behavior, and mean instances of rearing.
To test hypothesis 2a (i.e. that an interaction will be present in measures of
physiological stress response activation, including circulating plasma levels of
corticosterone and heart rate will show no significant differences in animals of the
Bonded Drug group when compared to animals in the Stranger Vehicle and
Stranger Drug groups, but will be significantly lower than measures observed in the
Bonded Vehicle group), separate two-way ANOVAs were performed for the mean
heart rate differences and circulating plasma corticosterone levels among the 4
testing groups, examining the main effects of drug and relationship, as well as any
interactions. If a significant interaction was found, simple effects were examined.
To test hypothesis 2b (that an interaction would be present, such that
measures of anxiety-like behavior, including lack of ambulation, increased escape
behavior, and increased time spent rearing will show no significant differences in

119

animals of the Bonded Drug group when compared to animals in the Stranger
Vehicle and Stranger Drug groups, but will show a significantly lower than
measures observed in animals of the Bonded Vehicle group), separate two-way
ANOVAs were performed for each of the duration of ambulation, instances of
escape behavior, and instances of rearing among the 4 testing groups, to determine
the main effects of drug and relationship, as well as any interactions. If a significant
interaction was found, simple effects were examined.

Secondary Analyses and Manipulation Checks

Given the novel nature and complexity of the current experimental
paradigm, various secondary analyses and manipulation checks were conducted in
an attempt to obtain the clearest picture of how bonds affect the vicarious stress
response in this species, as well as the mediating or moderating role of the AVP 1a
receptor.
First, to confirm that there were no group differences, or inadvertent
interactions due to chance in random assignment prior to drug administration and
testing, mean heart rate for the baseline and pairing periods were analyzed utilizing
two-way ANOVAs for each period. Next, to insure that animals had properly
bonded, mean duration of side-by-side contact were compared through a two-way
ANOVA. Animal pairs that exhibited less or more time (more than two standard
deviations from the mean) participating in side-by-side contact were excluded from
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further analysis. In an effort to determine if males had properly acclimated to the
testing apparatus, mean heart rate and anxiety-like behaviors were compared using
paired sample t-tests with all groups collapsed. In addition, mixed-design ANOVAs
were performed on measures of heart rate and SDNN index, with group assignment
as a between-subjects factor and time points of baseline, pairing, acclimation day 1,
acclimation day 5, and testing as a within-subjects factor.
Keeping with the methodology previously conducted utilizing the current
paradigm; hypothesis testing the duration of motion was manually scored. In
addition, videos of behavior were also assessed via motion capture technology to
determine distance traveled and peak speed, as assessed through changes in x and y
coordinates.

CHAPTER 4
RESULTS

General Summary

The current experiment tested two hypotheses. First, the current experiment
sought to determine if the presence of a prior established bond would enhance the
behavioral and physiological vicarious stress response in the observer. Results of
cardiac, endocrine, and behavioral data obtained during testing failed to support this
hypothesis, as no significant differences between male prairie voles in the Bonded
Vehicle and Stranger Vehicle groups were recorded. A second hypothesis was posed
that the AVP 1a receptor would mediate any enhancement of the vicarious stress
response observed. Results from cardiac, endocrine, and behavioral measures again
failed to support this hypothesis, with no significant differences found among male
prairie vole observers of the Bonded Vehicle group and the Bonded Drug, Stranger
Vehicle, or Stranger Drug groups. To determine if any unforeseen issues that could
confound the results were present during the testing paradigm, additional data was
collected and analyzed. Prior to the commencement of testing, all animals showed
similar physiological and behavioral parameters during the baseline and pairing
periods. In addition, all male/female pairs met inclusion criteria for establishment
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of a pair bond through a majority of time spent in side-by-side contact. Contrary to
what was expected, data obtained on days 1 and 5 of the acclimation period showed
little to no habituation to the testing apparatus. Finally, correlations between
physiological and behavioral data obtained from male animals revealed several
“strong” and “moderate” correlations with data obtained concerning female
behavior, however, most were not statistically significant, and did not display a
clear pattern of results.

Subjects of Analyses

A total of four animals were not included in all behavioral and physiological
analyses due to experimental attrition. Two animals were not included due to
abdominal wounds incurred prior to testing, one animal was not included due to the
female falling from the tail-suspension apparatus during testing, and one animal was
not included due to the removal of the telemetry leads prior to testing. The final
resulting N size was 28, with 7 animals representing the Bonded Vehicle group, 6
animals representing the Bonded Drug group, 7 animals representing the Stranger
Vehicle group, and 8 animals representing the Stranger Drug group. An additional
animal from the Stranger Drug group was not included in the Noldus EthoVision
3.0 motion capture analyses due to a technical issue of a corrupted video file, which
could not be repaired. These n sizes fell within the appropriate numbers described in
the power analysis that was conducted prior to testing.
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Experimental Controls

Several two-way ANOVAs were performed on data obtained prior to the
commencement of experimentation to insure that no group differences stemming
from individual variation of test subjects existed as a possible confound. These
analyses yielded no significant main effects of drug or relationship, or significant
interactions in mean baseline [Drug vs. Vehicle F(1,24) = .450, p = .509, ηp2 = .018;
Bonded vs. Stranger F(1,24) = .459, p = .504, ηp2 = .019; Interaction F(1,24) = .525,
p = .476, ηp2 = .012; see Figure 2a] or pairing [Drug vs. Vehicle F(1,24) = 1.180, p =
.288, ηp2 = .047; Bonded vs. Stranger F(1,24) = .247, p = .624, ηp2 = .010;
Interaction F(1,24) = .545, p = .468, ηp2 = .022; see Figure 2b] heart rate among the
four testing groups.
No significant main effects were observed in baseline activity levels [Drug
vs. Vehicle F(1,24) = .004, p = .953, ηp2 = .000; Bonded vs. Stranger F(1,24) = .210,
p = .651, ηp2 = .009], however a significant interaction was noted [F(1,24) = 8.495,
p = .008, ηp2 = .261]. Post hoc Fisher’s LSD was calculated, and a significant simple
effect of Drug/Vehicle in the Stranger group (p = .047, ηp2 = .155) and
Bonded/Stranger in the Vehicle group (p = .025, ηp2 = .193) was found. Analysis of
activity levels during the pairing period found no significant main effects [Drug vs.
Vehicle F(1,24) = .815, p = .736, ηp2 = .033; Bonded vs. Stranger F(1,24) = .001, p
= .975, ηp2 = .000], but again found a significant interaction [F(1,24) = 5.364, p =
.029, ηp2 = .183].
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a.

b.
Figure 2: Mean (+/- SEM) heart rate (beats per minute, bpm) during the final 24
hours of baseline period (a) and during periods of low activity (< 5 counts per
minute) throughout the entire pairing period (b) in male prairie voles that were
tested with a previously bonded (Bonded) or unknown female prairie vole
(Stranger) following I.P. injection of either 2 mg/kg AVP 1a receptor antagonist
(Drug) or sterile water (Vehicle).

125

Post hoc Fisher’s LSD was calculated, and a significant simple effect of
Drug/Vehicle in the Bonded group ( p = .038, ηp2 = .168) was found (see Figures
3a and 3b, respectively).
These results suggest that, while differences existed in activity levels prior to
testing, these differences were not seen in physiological measurements, suggesting
possible individual and group differences in general activity prior to the testing
manipulation, but no individual or group differences in physiology.
Heart rate and activity data obtained prior to testing were also examined to
determine if differences existed by cohort. A two-way ANOVA, with cohort set as a
covariate, revealed no significant main effects or interaction in mean baseline heart
rate [Drug vs. Vehicle F(1, 23) = 1.116, p = .302, ηp2 = .046; Bonded vs. Stranger
F(1,23) < .001, p = .994, ηp2 = .00; Interaction F(1,23) 1.172, p = .290, ηp2 = .049]
but found cohort as a significant covariate [F(1,23) = 13.187, p = .001, ηp2 = .364;
see Figure 4a]. However, this difference was abolished by the pairing period [F(1,
23) = 3.901, p = .060, ηp2 = .145, see Figure 4b].
Comparison of activity levels revealed no significant main effects of drug,
relationship, or cohort as a covariant among the groups at baseline [Drug vs.
Vehicle F(1, 23) = .001, p = .974, ηp2 =.000; Bonded vs. Stranger F(1,23) = .283, p
= .600, ηp2 =.012; Cohort F(1,23) .168, p = .686, ηp2 = .007; see Figure 5a], or at
pairing [Drug vs. Vehicle F(1, 23) = .827, p = .373, ηp2 = .035; Bonded vs. Stranger
F(1,23) = .014, p = .908, ηp2 = .001; Cohort F(1,23) .146, p = .706, ηp2 = .006; see
Figure 5b].
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a.

b.
Figure 3: Mean (+/- SEM) activity levels (counts per minute, cpm) during the final
24 hours of baseline period (a) and throughout the entire pairing period (b) in male
prairie voles that were tested with a previously bonded (Bonded) or unknown female
prairie vole (Stranger) following I.P. injection of either 2 mg/kg AVP 1a receptor
antagonist (Drug) or sterile water (Vehicle). * denotes p < .05 for the interaction
between prior relationship and drug/vehicle administration.
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a.

b.
Figure 4: Mean (+/- SEM) heart rate (beats per minute, bpm) of all animals tested,
separated by testing cohort, during the final 24 hours of the baseline period (a) and
during the entire pairing period (b). “*” denotes p < 0.05 difference from Cohort 1.
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a.

b.
Figure 5: Mean (+/- SEM) level of activity (counts per minute, cpm) of all animals
tested during the final 24 hours of the baseline period (a) and during the entire
pairing period (b), separated by testing cohort.
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Together, these data indicate that significant physiological, but not
behavioral, differences existed in animals as a function of the time of
experimentation. These differences appear to have abated however, by the time of
the pairing period across all three testing cohorts.

Social Bond Assessment During Pairing Period

All animals were observed in the home cage 48 hours into the pairing period
to determine the amount of time spent in side-by-side contact, which is an
operational definition of bonding that has been utilized previously within the prairie
vole model (Williams et al., 1992). The mean time spent in side-by-side contact
observed was 2680.9 seconds with a standard deviation of 369.9 seconds.
All animals met inclusion criteria through spending a majority of the
observed time (i.e. > 1800 seconds) in side-by-side contact. In addition, no animals
spent more or less time in side-by-side contact than two standard deviations from
the mean.
Mean time spent in side-by-side contact was compared among the testing
groups to determine if group differences existed in bonding. A two-way ANOVA
revealed no significant main effects or interaction in the amount of time spent in
side-by-side contact among all groups [Drug vs. Vehicle F(1,24) = .193, p = .665,
ηp2 = .008; Bonded vs. Stranger F(1,24) = .006, p = .393, ηp2 = .000; Interaction
F(1,24) = 1.813, p = .191, ηp2 = .070; see Figure 6] . These results indicate that, in
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Figure 6: Mean (+/- SEM) time spent (in seconds, s) in side-by-side contact in
prairie voles that were tested with a bonded partner (Bonded) or unknown animal
(Stranger) following I.P. injection of either 2 mg/kg AVP 1a receptor antagonist
(Drug) or sterile water (Vehicle).
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congruence with previous literature concerning the pair bonding of the prairie vole,
all animals achieved pair-bond status prior to the commencement of
experimentation.

Testing Apparatus Acclimation During the Pairing Period

Physiological and behavioral data of all animals were recorded on day 1 and
5 of the acclimation period to determine the level of habituation to the testing
apparatus achieved. Ten paired-sample t-tests were conducted examining all animal
differences between day 1 and day 5 of acclimation.
Paired-sample t-tests revealed no significant difference in peak speed [21.3
m/s vs. 21.2 m/s, t(26) = 0.190, p = 0.425], total distance traveled [1049.2 cm vs.
987.9 cm, t(26) = 0.869, p = 0.196], total stop time [814.8 s vs. 853.8 s, t(26) = 1.404, p = 0.086], duration of grooming [81.1 s vs. 73.6 s, t(27) = 0.428, p = 0.336],
duration of rearing in the center of the apparatus [4.1 s vs. 10.8 s, t(27) = -1.672, p
= 0.053], duration of escape behavior [264.4 s vs. 298.5 s, t(27) = -0.959, p =
0.173], or duration in the center of the apparatus [58.6 s vs. 75.1 s, t(27) = -1.946, p
= 0.031]. Significant differences were detected in heart rate [557. 9 bpm vs. 576.1
bpm, t(27) = -2.314, p = 0.014], duration of rearing in the surround of the apparatus
[161.9 s vs. 234.1 s, t(27) = -3.816, p < 0.001], and in SDNN index [49.3 ms vs.
64.1 ms, t(27) = -3.718, p < 0.001, see Figures 7a, 7b, and 7c, respectively].
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a.

b.

c.

Figure 7: Mean (+/- SEM) heart rate (beats per minute, bpm) (a), duration of rearing
in the surround (seconds, s) (b), and standard deviation of beat-to-beat intervals
(milliseconds, ms) (c) of all male prairie voles introduced to the testing apparatus
for 20 minutes on days 1 and 5 of the acclimation period. “*” denotes a p < 0.05.
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These results indicate that the acclimation period had very little physiological or
behavioral effect in habituating test subjects to the apparatus.
Changes in heart rate over the course of the acclimation period were
examined to determine if habituation had occurred during the course of the 20minute observation on days 1 and 5. Repeated measures ANOVAs revealed a
significant decrease in heart rate on both day 1 of acclimation [F(19, 27) = 26.312, p
= 0.001, see Figure 8a] and day 5 of acclimation [F(19, 27) = 18.506, p = 0.001, see
Figure 8b].
Changes in peak speed and total distance traveled over the course of the
acclimation period were examined to determine if habituation had occurred during
the course of the 20-minute observation on days 1 and 5. The mean of the peak
speed and distance traveled was calculated for each of four 5-minute blocks of time
across the 20-minute acclimation period.
A repeated measure ANOVA was conducted on the peak speed and total
distance data. Peak speed on day 1 of the acclimation period showed a significant
decrease [F(3, 26) = 2.953, p = 0.038, see Figure 9a], while the total distance
traveled showed a significant decrease across the testing period [F(3, 26) = 4.850, p
= 0.004, see Figure 9b].
In contrast to these results, animals displayed a slight, but non-significant
increase in peak speed on day 5 of acclimation [F(3, 26) = 2.549, p = 0.062], and a
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a.

b.
Figure 8: Mean (+/- SEM) heart rate (beats per minute, bpm) of all male prairie
voles introduced to the testing apparatus for 20 minutes, separated by minute on day
1 (a) and day 5 (b) of acclimation.
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a.

b.
Figure 9: Mean (+/- SEM) peak speed (meters per second, m/s) (a) and total
distance traveled (centimeters, cm) (b) of all male prairie voles exposed for 20
minutes to the testing apparatus, grouped per 5-minute block on day 1 of the
acclimation period.
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significant increase in the total distance traveled [F(3, 26) = 4.379, p = 0.007, see
Figures 10a and 10b, respectively].
Taken together, these results indicate that some short term habituation (i.e.
decreases in heart rate, alterations in peak speed and total distance traveled) to the
testing apparatus is possible within the 20-minute acclimation period. In addition, a
slight long-term habituation in the form of decreased SDNN index was observed
between days 1 and 5 of the acclimation period. Contrary to expectations however,
the majority of physiological and behavioral measurements recorded did not
illustrate a consistent decrease in physiological and behavioral indices of stress in
response to the exposure to the testing apparatus.
Testing
To test the hypothesis that a prior established bond between two animals
would increase the vicarious stress response of the animal observing another
undergoing an acute stressor, physiological and behavioral indices of stress response
activation were directly compared between animals of the Bonded Vehicle and
Stranger Vehicle groups.
An independent t-test revealed no significant difference in mean heart rate
[t(12) = -0.395, p = 0.350, see Figure 11a]. pr plasma levels of corticosterone during
the testing period [t(12) = -0.335, p = 0.372, see Figures 11a and 11b, respectively].
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a.

b.
Figure 10: Mean (+/- SEM) peak speed (meters per second, m/s) (a) and total
distance traveled (centimeters, cm) (b) of all male prairie voles exposed for 20
minutes to the testing apparatus, grouped per 5-minute block on day 5 of the
acclimation period.
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a.

b.
Figure 11: Mean (+/- SEM) testing heart rate (beats per minute, bpm) (a) and
circulating plasma levels of corticosterone, collected 10 minutes following cessation
of testing (nanograms per milliliter, ng/ml) (b) in male prairie voles vicariously
exposed to a previously bonded (Bonded) or unknown (Stranger) female prairie
vole experiencing a stressor (TST), following I.P. injection of sterile water
(Vehicle).
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Furthermore, comparisons found no significant difference in duration of
animals in a paused state [t(12) = -1.234, p = 0.120, see Figure 12a], instances of
rearing [t(12) = 0.604, p = 0.279, see Figure 12b], or instances of escape directed
behavior [t(12) = 0.549, p = 0.296, see Figure 12c]. These data indicate that the
presence of a prior established bond between the actor and observer does not
significantly affect the physiological stress response or anxiety-like behavior in
reaction to vicarious stress.
To test the hypothesis that the presence of an AVP 1a antagonist would
reduce the vicariously induced physiological stress response and indices of anxietylike behavior only in animals with a prior established bond, comparisons were
conducted examining heart rate, circulating plasma levels of corticosterone, lack of
ambulation, instances of rearing, and instances of escape behavior among all four
testing groups.
Separate two-way ANOVAs found no significant main effects or
interactions among the four testing groups in heart rate [Drug vs. Vehicle F(1, 24) =
.369, p = .549, ηp2 = .015; Bonded vs. Stranger F(1,24) = .131, p = .721, ηp2 = .005;
Interaction F(1,24) = .043, p = .837, ηp2 = .002, see Figure 13a], or circulating levels
of plasma corticosterone [Drug vs. Vehicle F(1, 24) = .615, p = .440, ηp2 = .025;
Bonded vs. Stranger F(1,24) = .755, p = .394, ηp2 = .030; Interaction F(1,24) =
1.759, p = .197, ηp2 = .068, see Figure 13b].
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a.

b.

c.
Figure 12: Mean (+/- SEM) amount of time spent with animal exhibiting no
ambulation (seconds, s) (a), instances of rearing in the center or surround of the
apparatus (b), and instances of escape directed behavior (c) in male prairie voles
vicariously exposed to a previously bonded (Bonded) or unknown (Stranger) female
prairie vole experiencing a stressor (TST), following I.P. injection of sterile water
(Vehicle).
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a.

b.
Figure 13: Mean (+/- SEM) heart rate (beats per minute, bpm) (a) and circulating
plasma corticosterone levels, collected 10 minutes following cessation of testing
(nanograms per milliliter, ng/ml) (b), in male prairie voles vicariously exposed to a
previously bonded (Bonded) or unknown (Stranger) female prairie vole
experiencing a stressor (TST), following I.P. injection of 2 mg/kg AVP 1a receptor
antagonist (Drug) or sterile water (Vehicle) observed in beats per minute during the
testing period.
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In addition, two-way ANOVAs revealed no significant main effects or
interactions in the duration animals were paused [Drug vs. Vehicle F(1, 24) = .624,
p = .437, ηp2 = .025; Bonded vs. Stranger F(1,24) = .532, p = .473, ηp2 = .022;
Interaction F(1,24) = .578, p = .454, ηp2 =.024, see Figure 14a], instances of rearing
in the center or surround [Drug vs. Vehicle F(1, 24) = .326, p = .574, ηp2 = .013;
Bonded vs. Stranger F(1,24) = 1.592, p = .216, ηp2 = .062; Interaction F(1,24) =
.273, p = .606, ηp2 = .011 see Figure 14b], or instances of escape directed behavior
[Drug vs. Vehicle F(1, 24) = 1.004, p = .326, ηp2 = .040; Bonded vs. Stranger
F(1,24) = 1.538, p = .227, ηp2 = .060; Interaction F(1,24) = .083, p = .776, ηp2 =
.003, see Figure 14c]. Together, these data indicate that the presence of an AVP 1a
antagonist does not significantly alter the physiological stress response or anxietylike behavior in animals with a prior established bond.

Secondary Analyses

In an effort to better understand the non-significant differences observed and
to fully explore the results of the current experiment beyond the primary hypotheses
tested, several secondary analyses were also conducted. For example, in addition to
instances, duration of the behaviors of interest were also scored during the testing
period. Furthermore, behaviors of females experiencing the TST, as well as
correlations between female behavior and male physiological and behavioral
measures were also analyzed.
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a.

b.

c.

Figure 14: Mean (+/- SEM) amount of time spent (seconds, s) (a) with animal
exhibiting no ambulation, instances of rearing in the center or surround of the
apparatus (b), and instances of escape directed behavior (c) in male prairie voles
vicariously exposed to a previously bonded (Bonded) or unknown (Stranger) female
prairie vole experiencing a stressor (TST), following I.P. injection of 2 mg/kg AVP
1a receptor antagonist (Drug) or sterile water (Vehicle) observed during the testing
period.
Duration of Behaviors Observed During the Testing Period
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Two-way ANOVAs found no significant main effects or interactions in the
duration of grooming behavior [Drug vs. Vehicle F(1, 24) = 1.900 p = .181, ηp2 =
.073; Bonded vs. Stranger F(1,24) = .196, p = .662, .008; Interaction F(1,24) = .396,
p = .535, ηp2 = .016, see Figure 15a], duration of rearing in the center [Drug vs.
Vehicle F(1, 24) = .071, p = .792, ηp2 = .003; Bonded vs. Stranger F(1,24) = 1.310,
p = .264, ηp2 = .052; Interaction F(1,24) = .698, p = .412, ηp2 = .028, see Figure
15b], or surround of the testing apparatus [Drug vs. Vehicle F(1, 24) = 1.261, p =
.273, ηp2 = .050; Bonded vs. Stranger F(1,24) = 1.022, p = .322, ηp2 = .041;
Interaction F(1,24) = .186, p = .670, ηp2 = .008 see Figure 15c], or escape directed
behavior [Drug vs. Vehicle F(1, 23) = .127, p = .725, ηp2 = .005; Bonded vs.
Stranger F(1,23) = .083, p = .775, ηp2 = .004; Interaction F(1,23) = 1.751, p = .199,
ηp2 = .071 see Figure 15d]. It should be noted that the escape behavior data for the
Bonded Drug group contained an extreme outlier (43 seconds of duration), which
was removed from analyses due to falling outside two standard deviations from the
mean. Even with this data point included however, escape behavior was practically
nonexistent during the testing period. Due to this information, further analyses of
the duration of escape directed behavior during the testing period was not
conducted. Taken together, these data indicate that, like instances of behavior,
duration of behavior does not appear to be significantly affected by the presence of a
prior established bond, or an AVP 1a antagonist.
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a.

b.

c.

d.

Figure 15: Mean (+/- SEM) duration (seconds, s) of grooming (a), rearing in the
center (b), rearing in the surround (c), and escape directed behavior (d), in male
prairie voles vicariously exposed to a previously bonded (Bonded) or unknown
(Stranger) female prairie vole experiencing a stressor (TST), following I.P. injection
of 2 mg/kg AVP 1a receptor antagonist (Drug) or sterile water (Vehicle) observed
during the testing period.
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Duration of Location (Time in Center of the Apparatus) During the Testing Period

Typically, one of the most widely used measures of anxiety-like behavior
utilized within the open field is time spent in the center vs. the surround of the
apparatus, with more time in the center seen as indicative of lower levels of anxiety.
Within the context of the current experiment, conclusions regarding the nature of
this behavior would be unclear due to the confounding variable of the animal
undergoing the TST in the center of the apparatus. The confounding nature of the
female in the center of the apparatus is that this animal represents a novel stimulus
to the observing male. The motivation to explore this novel stimulus could override
the thigmotaxic behavior typical of animals in the open field, thus making
conclusions concerning anxiety-like behavior more difficult to establish. While
conclusions regarding anxiety-like behavior cannot be drawn, information of
location could be useful in determining how relationship and/or drug exposure could
affect the level of investigation exhibited by observer males. To examine this,
duration of time spent by the male observer exploring the center of the testing
apparatus was examined. A two-way ANOVA revealed no significant main effects
or interaction in the amount of time spent in the center of the apparatus by group
[Drug vs. Vehicle F(1, 24) = .003, p = .955, ηp2 = .000; Bonded vs. Stranger F(1,24)
= .415, p = .526, ηp2 = .017; Interaction F(1,24) = .330, p = .571, ηp2 = .014 see
Figure 16]. These data indicate that prior established pair bond, or the presence of
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Figure 16: Mean (+/- SEM) duration (seconds, s) of time spent in the center of the
testing apparatus in male prairie voles vicariously exposed to a previously bonded
(Bonded) or unknown (Stranger) female prairie vole experiencing a stressor (TST),
following I.P. injection of 2 mg/kg AVP 1a receptor antagonist (Drug) or sterile
water (Vehicle) observed during the testing period.
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an AVP 1a antagonist do not significantly affect the amount of investigation
exhibited by males vicariously observing a female experience a stressor.

Automated EthoVision Data of Peak Speed and Distance Traveled

Behavioral data collected through the Noldus EthoVision motion capture
technology were also examined to determine if group differences existed in peak
speed or the total distance traveled among the four testing groups. Data from one
animal of the Stranger Drug group was excluded due to a corrupted video file that
could not be converted.
Two-way ANOVAs found no significant main effects or interactions in peak
speed [Drug vs. Vehicle F(1, 23) = .814, p = .376, ηp2 = .034; Bonded vs. Stranger
F(1,23) = .764, p = .391, ηp2 = .032; Interaction F(1,24) = .058, p = .811, ηp2 = .003,
see Figure 17a], or in the total distance traveled among the four testing groups
[Drug vs. Vehicle F(1, 23) = 1.330, p = .261, ηp2 = .055; Bonded vs. Stranger
F(1,23) = .768, p = .390, ηp2 = .032; Interaction F(1,24) = .071, p = .792, ηp2 = .003
see Figure 17b].
Test SDNN Index
In an effort to determine if the manipulations of the current paradigm
affected autonomic cardiac function during the testing period, SDNN index, which
is conceptualized as an overall measurement of sympathetic and parasympathetic
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a.

b.
Figure 17: Mean (+/- SEM) peak speed (meters per second, m/s) (a) and total
distance traveled (centimeters, cm) (b) in male prairie voles vicariously exposed to a
previously bonded (Bonded) or unknown (Stranger) female prairie vole
experiencing a stressor (TST), following I.P. injection of 2 mg/kg AVP 1a receptor
antagonist (Drug) or sterile water (Vehicle) observed during the testing period.
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cardiac control, was evaluated. A two-way ANOVA revealed no main effects or
interaction in SDNN index among the testing groups [Drug vs. Vehicle F(1, 24) =
.814, p = .376, ηp2 = .069; Bonded vs. Stranger F(1,24) = .764, p = .391, ηp2 = .014;
Interaction F(1,24) = .058, p = .811, ηp2 = .007 see Figure 18].
Heart Rate and SDNN Index across All Time Points
In an effort to determine group differences in physiological measurements
over time, heart rate and SDNN index was compared across all time points (e.g.
baseline, pairing, acclimation day 1, acclimation day 5, and testing) among the four
testing groups. A two-way mixed ANOVA, utilizing a Greenhouse-Geisser
correction to account for a violation of the assumption of sphericity, found a
significant effect of time for both heart rate and SDNN index [F(2.314, 96) =
215.184, p < .001, ηp2 = .959; F(1.671, 96) = 29.322, p < .001, ηp2 = .692,
respectively]. However, no significant main effects or interactions across time were
found for heart rate [Drug vs. Vehicle* Time F(2.314, 96) = .837, p = .453, ηp2 =
.147; Bonded vs. Stranger*Time F(2.314,96) = .127, p = .906, ηp2 = .027;
Interaction*Time F(2.314,96) = .1047, p = .366, ηp2 = .095 see Figure 19 a] or
SDNN index [Drug vs. Vehicle*Time F(1.671, 96) = 1.792, p = .184, ηp2 = .341;
Bonded vs. Stranger*Time F(1.671,96) = .233, p = .754, .134; Interaction*Time
F(1.671,96) = 1.161, p = .316, ηp2 = .244, see Figure 19b]. These results indicate
that, while various time points of the experimental paradigm resulted in increased

151

Figure 18: Mean (+/- SEM) standard deviation of beat-to-beat intervals
(milliseconds, ms) of all male prairie voles vicariously exposed to a previously
bonded (Bonded) or unknown (Stranger) female prairie vole experiencing a stressor
(TST), following I.P. injection of 2 mg/kg AVP 1a receptor antagonist (Drug) or
sterile water (Vehicle) observed during the testing period.
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a.

b.
Figure 19: Mean (+/- SEM) heart rate (a) and SDNN index (b) in male prairie voles
across all experimental periods, separated by testing group.
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physiological stress response and overall autonomic activity, group assignment
played no significant role in affecting these differences.

Behavior of Female Experiencing TST

In addition to physiological and behavioral measurements of the male
occupying the open field portion of the apparatus, behavior of the female exposed to
the TST was scored for passive vs. active coping behavior during the TST.
A two-way ANOVA revealed no significant main effects or interaction in
the amount of time spent actively coping by females among the four testing groups
[Drug vs. Vehicle F(1, 24) = .015, p = .903, ηp2 = .001; Bonded vs. Stranger F(1,24)
= 1.842, p = .187, ηp2 = .071; Interaction F(1,24) = .079, p = .782, ηp2 = .003, see
Figure 20]. This indicates that neither the presence of a prior bond, nor whether the
partner is exposed to an AVP 1a antagonist, affects the level of active coping in
females.

Correlations of Female Behavior and Male Physiological and Behavioral Data

In an effort to determine any level of stress response resonance occurred
between the male observers and the female actors, several correlations were
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Figure 20: Mean (+/- SEM) duration (seconds, s) of active coping behavior
observed in female prairie voles exposed to a stressor (TST) with a previously
bonded (Bonded) or unknown (Stranger) male prairie vole observing that was prior
I.P. injected with 2 mg/kg of a AVP 1a receptor antagonist (Drug) or sterile water
(Vehicle).
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examined between the behavior of females and the physiological and behavioral
response of the corresponding male animals. The correlational coefficient
(Pearson’s r) and the coefficient of determination (R2) are reported for each
comparison made (see Tables 5 and 6), with correlations considered “moderate” (i.e.
0.3 < | r | < 0.5) or “large” (i.e. 0.5 < | r |) (Cohen, 1988) displayed in bold. In
addition, a linear regression was performed for each comparison to provide an
associated p value. These comparisons were conducted in an effort to determine the
extent a specific behavior performed by one of the testing animals influenced the
other, specifically in terms of group membership (i.e. Bonded vs. Stranger; Drug vs.
Vehicle). Of the 48 analyses performed, seven resulted in a “large” correlation, and
11 resulted in a “moderate” correlation. The comparison made between the duration
of rearing in the surround and active coping behavior of animals in the Stranger
designation achieved a p < 0.05. Due to the number of analyses however, this result
is likely due to chance, and thus would not be appropriate to be classified as
statistically significant.
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Table 5
Correlational Analyses by Testing Group
Correlational Comparison

df

Pearson's r

R2

p value

Bonded Vehicle: Heart Rate vs. Active Coping

5

0.613

0.376

0.143

Bonded Drug: Heart Rate vs. Active Coping

4

0.051

0.003

0.923

Stranger Vehicle: Heart Rate vs. Active Coping

5

0.283

0.080

0.538

Stranger Drug: Heart Rate vs. Active Coping

6

0.255

0.065

0.543

Bonded Vehicle: Corticosterone vs. Active Coping

5

0.583

0.340

0.170

Bonded Drug: Corticosterone vs. Active Coping

4

0.648

0.420

0.164

Stranger Vehicle: Corticosterone vs. Active Coping

5

0.013

0.000

0.977

Stranger Vehicle: Corticosterone vs. Active Coping

6

0.323

0.105

0.435

Bonded Vehicle: Duration in Motion vs. Active Coping

5

0.102

0.010

0.847

Bonded Drug: Duration in Motion vs. Active Coping

4

0.307

0.094

0.616

Stranger Vehicle: Duration in Motion vs. Active Coping

5

0.009

0.000

0.986

Stranger Drug: Duration in Motion vs. Active Coping
Bonded Vehicle: Duration Rearing Center vs. Active
Coping
Bonded Drug: Duration Rearing Center vs. Active
Coping
Stranger Vehicle: Duration Rearing Center vs. Active
Coping
Stranger Drug: Duration Rearing Center vs. Active
Coping
Bonded Vehicle: Duration Rearing Surround vs. Active
Coping
Bonded Drug: Duration Rearing Surround vs. Active
Coping
Stranger Vehicle: Duration Rearing Surround vs.
Active Coping
Stranger Drug: Duration Rearing Surround vs. Active
Coping

6

0.243

0.059

0.599

5

0.492

0.242

0.322

4

0.309

0.096

0.613

5

0.290

0.084

0.577

6

0.561

0.315

0.190

5

0.073

0.005

0.891

4

0.219

0.048

0.724

5

0.612

0.374

0.197

6

0.599

0.358

0.156

Bonded Vehicle: Duration in Center vs. Active Coping

5

0.470

0.220

0.347

Bonded Drug: Duration in Center vs. Active Coping

4

0.286

0.082

0.641

Stranger Vehicle: Duration in Center vs. Active Coping

5

0.053

0.003

0.921

Stranger Drug: Duration in Center vs. Active Coping

6

0.325

0.105

0.477

Note: Bold denotes “moderate” or “large” correlation
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Table 6
Correlational Analyses Collapsed by Relationship and Injection
Correlational Comparison

Pearson’s
r

df

R2

p value

Bonded: Heart Rate vs. Active Coping

11

0.470

0.221

0.123

Bonded: Corticosterone vs. Active Coping

11

0.121

0.015

0.709

Bonded: Duration in Motion vs. Active Coping

11

0.030

0.001

0.926

Bonded: Duration Rearing Center vs. Active Coping

11

0.010

0.000

0.976

Bonded: Duration Rearing Surround vs. Active Coping

11

0.048

0.002

0.882

Bonded: Duration in Center vs. Active Coping

11

0.075

0.006

0.816

Stranger: Heart Rate vs. Active Coping

13

0.175

0.031

0.548

Stranger: Corticosterone vs. Active Coping

13

0.192

0.037

0.510

Stranger: Duration in Motion vs. Active Coping

13

0.173

0.030

0.554

Stranger: Duration Rearing Center vs. Active Coping
Stranger: Duration Rearing Surround vs. Active
Coping

13

0.390

0.152

0.168

13

0.566

0.320

0.035

Stranger: Duration in Center vs. Active Coping

13

0.189

0.036

0.518

Drug: Heart Rate vs. Active Coping

12

0.098

0.010

0.750

Drug: Corticosterone vs. Active Coping

12

0.067

0.004

0.828

Drug: Duration in Motion vs. Active Coping

12

0.247

0.061

0.415

Drug: Duration Rearing Center vs. Active Coping

12

0.414

0.171

0.160

Drug: Duration Rearing Surround vs. Active Coping

12

0.199

0.040

0.514

Drug: Duration in Center vs. Active Coping

12

0.326

0.106

0.277

Vehicle: Heart Rate vs. Active Coping

12

0.350

0.122

0.241

Vehicle: Corticosterone vs. Active Coping

12

0.327

0.107

0.276

Vehicle: Duration in Motion vs. Active Coping

12

0.001

0.000

0.997

Vehicle: Duration Rearing Center vs. Active Coping

12

0.156

0.024

0.611

Vehicle: Duration Rearing Surround vs. Active Coping

12

0.031

0.001

0.921

Vehicle: Duration in Center vs. Active Coping

12

0.166

0.027

0.588

Note: Bold denotes “moderate” or “large” correlation

CHAPTER 5
DISCUSSION

General Summary

A primary goal of the current study was to determine if a prior established
social bond between two animals would enhance physiological indices of stress
response activation, while simultaneously augmenting anxiety-like behavior in
animals that observed a previously bonded partner experiencing an acute stressor.
The results of the testing protocol failed to provide support for this hypothesis, as no
significant differences were detected in heart rate, circulating plasma corticosterone
levels, instances of rearing, locomotion, or escape behavior between male prairie
voles that observed a previously-bonded female experience a behavioral stressor
(Bonded Vehicle group) and male prairie voles that observed a stranger experience a
behavioral stressor (Stranger Vehicle group).
The current experiment also sought to determine the role of the AVP 1a
receptor as a possible mediator of the proposed stress response and anxiety-like
behavior increase. Results comparing physiological and behavioral measures also
failed to support this hypothesis, as no significant main effects of Drug or
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Relationship were noted. In addition, no significant interactions in heart rate,
corticosterone, or anxiety-like behaviors were observed. In other words, male prairie
voles injected with vehicle, that observed a previously-bonded female experience a
behavioral stressor (Bonded Vehicle) showed no behavioral or physiological stress
response increase when compared to male prairie voles injected with an AVP 1a
antagonist that observed a previously bonded or unknown female experience a
behavioral stressor (Bonded Drug and Stranger Drug) or male prairie voles injected
with vehicle that observed an unknown female prairie vole experience a behavioral
stressor (Stranger Vehicle). Given these results, it is reasonable to conclude 1) that a
prior established bond between two animals does not enhance the vicarious stress
response, at least within this species using the current experimental protocol, and 2)
that the AVP 1a receptor does not play the major mediatory role in the vicarious
stress response, and specifically, any possible enhancement of the vicarious stress
response due to prior bond that was proposed.
In an effort to obtain the clearest possible understanding of the results
observed, multiple secondary analyses were conducted to locate patterns of data
outside the scope of the two primary hypotheses. For instance, significant
differences in general activity were noted in animals during the baseline and pairing
periods. These differences in activity were not noted during the acclimation period,
and were not supported by differences in physiological measures during baseline
and pairing. In addition, significant differences in heart rate were noted when
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separated by cohort during the baseline period. These differences were not mirrored
in general activity levels, and abated by the pairing period.
Analysis of physiological and behavioral data collected during the
acclimation period produced evidence that little to no habituation, and even a
possible slight sensitization to the testing apparatus occurred. Taken together, these
results suggest that the design of the current experiment (i.e. the acclimation period)
provided an unforeseen confound to the data, resulting in increases in physiological
stress response indices and increases in anxiety-like behavior as a result of the
experimental manipulation being lost in the “noise” of the anxiolytic nature of the
testing apparatus. These issues will be further discussed in the following sections.

Interpretation of Results

The current experiment utilized both physiological (heart rate, circulating
plasma corticosterone) and behavioral (ambulation, rearing, escape directed
behavior) measures of stress response activation and anxiety-like behavior in prairie
voles that observed either a previously-bonded female partner or a female stranger
exposed to a behavioral stressor. This use of multiple dependent variables was
chosen to obtain the clearest picture possible of the complex interactions and
mechanisms underlying the experience of vicarious stress.
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Hypothesis 1

The first hypothesis tested was that the presence of a prior established social
bond between two individuals would enhance the physiological and behavioral
indices of vicarious stress response activation in an individual observing another
individual experiencing a stressor. Previous research within prairie voles has found
increased levels of circulating plasma corticosterone in response to both acute and
chronic stressors. For instance, social isolation in combination with an acute stressor
(resident-intruder) resulted in a significant increase in circulating plasma
corticosterone (Grippo, Cushing, & Carter, 2007). Levels of glucocorticoids have
also been measured previously in a vicarious stress paradigm. For instance, one
study in humans found that more individuals that observed a significant other
undergo a social stressor exhibited physiologically significant increases in salivary
cortisol (the human analogue to corticosterone) when compared to individuals that
observed strangers undergo the same stressor (Engert et al., 2014). Given the
evidence that 1) the experience of stress increases glucocorticoid levels in prairie
voles and 2) vicarious stress induced increases in corticosterone are elevated in
humans with a prior bond when compared to strangers, the current experiment
hypothesized that male prairie voles with a prior established bond (Bonded Vehicle
group) would exhibit corticosterone levels that were elevated (indicating an
enhanced stress response) when compared to male prairie voles that had no prior
contact with the target female (Stranger Vehicle group).
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In addition to the physiological measures examined in the current
experiment, behavioral measures in male prairie voles observing a previously
bonded or unknown female with prior administration of an AVP 1a antagonist or
vehicle were obtained. While these behaviors can be informative, the validity of
such open field behaviors as being necessarily anxiety-like in nature is open to
interpretation. This is largely due to many conflicting results within the literature
that can be dependent on methodology or species being examined. That being said,
two of the behavioral measures that were chosen in the current experiment have
been examined thoroughly throughout the literature (ambulation and rearing). The
third behavioral measure was chosen due to previous experiments utilizing this
paradigm in which this behavior was observed (escape directed behavior). It is
proposed that this measure has construct and face validity; however, the predictive
validity of this measure remains unknown. The current experiment proposed that
these behavioral measures, in combination with physiological data, would provide a
clearer picture of the complex social and stress interactions observed within the
testing paradigm.
The first behavioral measure analyzed, ambulation, or more specifically the
lack of ambulation, has been widely cited in the anxiety literature. The absence of
movement (often referred to a “freezing” behavior), but also overall lowered
ambulation in general, has been discussed as indicative of an increased stress
response, and thus anxiety-like in nature (Walsh & Cummings, 1976). If this
perception of ambulation were accurate, it would logically follow that prior
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administration of drugs that have shown anxiolytic effects in humans (e.g.
benzodiazepines) would abolish novel-stress (e.g. open field introduction) induced
lack of ambulation (i.e. producing an overall increase in movement). One study in
mice provided evidence for this assertion, showing that administration of
chlordiazepoxide, a potent benzodiazepine, increased duration of ambulation in an
open field test in a dose dependent manner, when compared to controls (Choleris,
Thomas, Kavaliers, & Prato, 2001).
An increase in rearing behavior has often been described in the literature as
anxiolytic in nature (Weisstaub et al., 2006; Rutkoska, Jamontt, & Gliniak, 2006).
Evidence has been presented however, that has shown that increases in rearing can
be observed in the earliest stages of an open field test after acute stress exposure in
rats (Katz, Roth, & Carroll, 1981).Taking this information into account and
considering the unique nature of the current testing paradigm, increased rearing was
considered anxiogenic in this experiment. Increased rearing in the center of the
apparatus would be indicative of increased investigation of the female undergoing
the stressful event. It was reasoned that if the male was voluntarily increasing
exposure to the stressed female, it could be postulated that the activity of the female
was perceived as agitating to the male, and thus stress inducing. Furthermore,
rearing in the surround was reasoned to be closely related to escape behavior. As
animals rear in the surround, especially with paws on the walls of the testing
apparatus, it could be possible that escape from an aversive stimulus is being
attempted.
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In line with what was previously discussed about rearing in the surround,
escape behavior could be indicative of a heightened anxiety-like response to an
aversive stimulus. Escape behavior as a function of overall exploratory behavior
was examined in the open field as early as the 1950s (Ehrlich & Burns, 1958). The
attempt to escape aversive stimuli is often observed throughout the animal kingdom,
and is a key component of other validated measures of behavior in rodents, such as
the forced swim test (Porsolt, 1977). Taking this information into account, the
current experiment conceptualized an increase in escape directed behavior (i.e.
climbing at the walls or digging at the corners of the testing apparatus) as indicative
of an elevated stress-state.
Both the physiological and behavioral results obtained in the current
experiment failed to support the first hypothesis, with no significant differences
noted between male prairie voles of the Bonded Vehicle and Stranger Vehicle
groups in any of the key dependent variables measured. In fact, contrary to the
prediction made by hypothesis 1a, results found a slight increase in corticosterone in
male prairie voles that were injected with vehicle and had observed a previously
unknown female experience a stressor (Stranger Vehicle group; approximately 1017
ng/ml) when compared to male prairie voles injected with vehicle that observed an
previously bonded female experience a stressor (Bonded Vehicle group;
approximately 947 ng/ml). These results are similar to previous vicarious stress
paradigms utilized within our lab, which found that animals exposed to the vicarious
stress of a sibling exhibited corticosterone levels of approximately 924 ng/ml, while
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animals exposed to an empty open field apparatus exhibited levels of approximately
887 ng/ml. These levels were significantly elevated from basal levels of
approximately 411 ng/ml (Wardwell et al., 2014). Together, this information would
suggest that, while the presence of a separate animal experiencing a stressor
increases the endocrine stress response in the observer, exposure to the testing
apparatus is in and of itself incredibly stress inducing. This was the primary reason
the acclimation period was conducted, in an attempt to habituate animals to the
testing apparatus and, hopefully, mitigate the stressful nature of a novel
environment. Unfortunately, results of analysis of the acclimation period suggest
that no habituation took place, and that a possible slight sensitization to the testing
apparatus occurred.
This information indicates that the presence of a prior-established bond does
not mediate the vicarious stress response. The proposed enhancement of vicarious
stress due to a prior bond could be species dependent however, given evidence that,
in humans, similar areas of the brain are activated (i.e. the anterior insula and
anterior cingulate cortex) when an individual directly experiences pain or observers
another experience pain (Singer et al., 2004). In separate studies, it was found that
observing a friend experience social pain (in the form of social exclusion) when
compared to observing a stranger, increased activation of brain regions associated
with the emotional component of pain, and that the level of closeness with the friend
significantly correlated with the level of activation (Meyer, et al., 2013; Beeney et
al., 2011).
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While this information concerning an enhancement of vicarious reaction to
“friends” rather than strangers may not be directly applicable to the current
experiment, as friendship is difficult to impossible to operationally define in
rodents, research in humans concerning the possible enhancement of vicarious stress
when comparing the observation of “significant others” compared to strangers
experiencing a stressor is conceptually related to pair-bonded animals observing a
partner experience a stressor. Related to this, one study found that 40% of
individuals that observed a significant other experience a social stressor exhibited a
physiologically significant increase in salivary cortisol levels compared to only 10%
of individuals that observed strangers experience the same stressor (Engert et al.,
2014).
In an effort to determine if type of social bond had any effect on the stress
response of animals, regardless of the type of injection (i.e. Drug vs. Vehicle),
measures obtained of dependent variables were collapsed across groups, placing all
Bonded animals in comparison with all Stranger animals. Circulating levels of
corticosterone, duration of grooming, duration of rearing, and duration of time in the
center of the testing apparatus were found to be elevated in male prairie voles that
had previously established a bond with the observed female (Bonded groups) when
compared to male prairie voles that had no prior experience with the female
observed (Stranger groups). This difference could likely be accounted for primarily
by males of the Bonded Drug group, as these animals may have had an increase in
unbound central oxytocin as a result of MC action at oxytocin receptors. The net
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result of this being that oxytocin may have had anxiogenic (through stimulation of
the AVP 1b receptor) rather than the typical anxiolytic effects observed with
increases in central oxytocin (see below for further explanation).

Hypothesis 2

The second major goal of the current study was to determine the specific
role of the AVP 1a receptor in the proposed enhancement of vicarious stress, and in
a broader sense, to determine the role of the AVP 1a receptor in vicarious stress as a
whole. If the AVP 1a receptor was a key mediator of the proposed enhancement of
the vicarious stress response due to a prior-established bond, then the expected
pattern of results would have indicated that bonded male prairie voles that received
no AVP 1a antagonist (i.e. Bonded Vehicle group) would have exhibited elevated
stress response and anxiety-like behavior measures when compared to the three
other testing groups (i.e. Bonded Drug, Stranger Vehicle, and Stranger Drug
groups). The proposed increase in glucocorticoids was hypothesized to occur
through a different AVP mechanism than that which is typically observed. This is
because the AVP 1a receptor is not directly involved with potentiation of CRH
action in the beginning stages of the HPA axis, as this effect is mediated through the
AVP 1b receptor (Douglas, 2005). Therefore, it was hypothesized that prior
administration of an AVP 1a antagonist would prevent an enhancement of stress
(Bonded Drug group), but would show no effect on animals that had no prior bond

168

(Stranger Drug group). If evidence of the proposed enhancement of vicarious stress
was not observed, a collapse of groups by injection (i.e. Drug vs. Vehicle) was
expected to result in increased stress response and anxiety-like behavior in animals
that received no antagonist when compared to those that did.
Similar to the first hypothesis tested, no statistically significant differences
in the key dependent measures of stress response activation or anxiety-like behavior
were observed among the four testing groups. In fact, in direct contrast to these
predictions, a noticeable, but non-significant increase in circulating plasma
corticosterone of males that were previously bonded with the observed female and
were injected with the AVP 1a antagonist (i.e. Bonded Drug group), while males
that shared a prior bond with the observed female, but were injected with the vehicle
(i.e. Bonded Vehicle group) displayed mean corticosterone levels much more similar
to males that were unknown to the observed female, regardless of whether or not
AVP 1a antagonist was administered (i.e. Stranger Vehicle and Stranger Drug
groups). These results indicate that the AVP 1a receptor is not a key mediator of
vicarious stress as a whole.
This conclusion is surprising, given the role of AVP in both stress and
bonding. AVP is released in response to the experience of stress potentiates the
action of CRH, and ultimately enhances HPA axis activation (Douglas, 2005). In
addition this role in the stress response, AVP has also been shown to be involved in
bonding (Donaldson & Young, 2008), social recognition (Dantzer et al., 1988),
enhancement of declarative memory (Born et al., 1999), and increasing the
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perception of neutral stimuli as threatening (Thompson et al., 2004). Many of these
actions, but specifically those concerned with social bonds, purportedly occur
through activation of the 1a receptor (Lim & Young, 2004). AVP 1a receptors are
found in abundance in the central amygdaloid nuclei, which is an area found to be
involved in the emotional component of stress perception (Huber et al., 2005; Allen
& Allen, 1974; Allen & Allen, 1975). There is also evidence that the AVP 1a
receptor is integrally linked to both anxiety-like and affiliative behavior in the same
animal. In a study conducted in prairie voles, artificial upregulation of AVP 1a
receptors in the ventral pallidum (an area of the brain that is involved in reward and
learning) resulted in increased anxiety-like behavior (assessed via increased time
spent in the closed arms of the elevated plus maze) as well as increased affiliative
behaviors (assessed via increased time spent in contact with a juvenile male and
increased time with a nonesterous female in a partner preference test) (Pitkow et al.,
2001). Taken together, this information formed the theory underlying the current
hypothesis. Given the lack of significant differences found in the current experiment
between animals of the Drug and Vehicle groups, it is possible that the role of the
AVP 1a receptor in the mediation or moderation of the experience of vicarious stress
is little to non-existent.
In addition to physiological and behavioral measures obtained from males,
behavior of female prairie voles was also examined, to determine if either a prior
established relationship or administration of an AVP 1a antagonist to observing
males altered the female behavior in any way. When collapsed by relationship to the
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observing male (i.e. previously-bonded to the specific male that was observing, or
unknown to the male that was observing), female prairie voles showed a marked,
but non-significant decrease in active coping behaviors in Bonded animals when
compared to Stranger animals. Taken together, these differences could denote slight
support for the hypothesis that a prior established bond between animals affects the
vicarious stress experience in some way, although this difference may be slight and
in direct opposition to results hypothesized.
The overall pattern of results observed, and the differences between groups
noted, while not achieving statistical significance in most instances, may offer some
insight into possible methodological issues, as well as the complex social and
physiological interactions modeled in the current paradigm. For instance,
methodologically, it is possible that some of the dependent variables examined
could have hit a physiological “ceiling” (i.e. heart rate) or possibly inappropriate
within the context of the current paradigm (i.e. escape behavior), to register changes
among the testing groups. In addition, results from measures obtained during the
acclimation period suggest that no habituation, and possibly a slight sensitization to
the testing apparatus occurred. Aside from these possible issues, when noticeable
but nonsignificant differences were observed, these differences could possibly be
explained through the concept of social buffering, the action of the peptide oxytocin,
and the pharmacokinetics of the AVP 1a antagonist used (i.e. Manning Compound).
We will now turn to possible methodological issues that could account for absence
of differences observed.
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Possible Methodological Issues, Alternative Explanations, and Future
Directions

The current experiment attempted to address the behavioral and
physiological effects of vicarious stress and the possible underlying mechanisms
responsible for alterations of vicarious stress (i.e. prior established bond, AVP 1a
receptor), utilizing a unique, but still relatively novel animal model. As such, the
current experiment was the first of its kind to address these types of questions within
this species. When conducting innovative research, it is common for unforeseen
issues to arise, resulting in modifications to the testing paradigm and/or additional
analyses. It is through careful examination, consideration, and correction of these
issues that science ultimately moves forward. The following section attempts to
address the possible reasons for the non-significant results obtained, in the hopes
that future studies will effectively mitigate these matters to obtain a clearer picture
of the relationship among the variables tested.

“Ceiling Effects” and Inappropriate Measures to Address the Hypotheses Proposed
Within the Current Paradigm

Heart rate was chosen specifically as a real-time measure of SNS activation
that could be monitored throughout the entire testing protocol. Heart rate has been
shown in multiple studies, but especially within prairie voles, to be particularly
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sensitive to the experience of both physical and psychological stressors. This
includes both acute and chronic stressors such as swim stress, social crowding, and
chronic social isolation (Grippo et al., 2007b; Grippo et al., 2010; McNeal et al.,
2014). While previous research examining this variable in a vicarious stress
paradigm found that the experience of vicarious stress actually resulted in a decrease
in heart rate in humans, these studies differed from the current paradigm by
examining vicarious stress responses in previously unknown individuals (Craig,
1968; Craig & Lowery, 1969; Craig & Wood, 1969). Due to the evidence that
stressful events, in general, increase heart rate in the prairie vole, and that the
current hypothesis relied on the prediction that the observation of a known other
(Bonded Vehicle group) experiencing a stressor would be more stress-inducing than
observing an unknown other (Stranger Vehicle group) experiencing a stressor, it
was the hypothesis of the current experiment that significant increases in heart rate
would be observed. In addition, because the current experiment predicted that the
AVP 1a receptor would be a key mediator of this increase, it was hypothesized that
the increase in stressfulness would be abolished with the prior administration of an
AVP 1a antagonist (Bonded Drug group), but would leave animals that had no prior
experience with the stress target unaffected (Stranger Drug group), resulting in only
male prairie voles that had a prior established bond with the target and no AVP 1a
antagonist (Bonded Vehicle group) exhibiting elevated heart rate.
The results of the current study found heart rates that were remarkable
similar, and with very low variability, across the four testing groups [Bonded
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Vehicle = 613.4 (SEM +/- 19.6) bpm, Bonded Drug = 606.7 (SEM +/- 21.2) bpm,
Stranger Vehicle = 623.0 (SEM +/- 14.4) bpm, Stranger Drug = 609.2 (SEM +/12.6) bpm]. The lack of statistically significant differences, in combination with the
low level of variability and high bpm when compared to Baseline period
measurements, suggests that all males, regardless of relationship to the female or
injection received, experienced a high level of stress within the testing apparatus.
Further, as heart rate was equally high across all testing groups, it is possible that
animals hit a physiological “ceiling” that was physically unable to be surpassed
without additional pharmacological manipulation. In support of this point, previous
research within this species has shown that complete blockade of the PNS through
prior injection with atropine resulted in mean heart rates of approximately 550 bpm
(Grippo et al., 2007a). In addition, mean peak heart rate observed in isolated prairie
voles (which exhibit statistically elevated heart rates when compared to paired
counterparts) that were exposed to an arguably more intense stressor (i.e. forced
swim) did not exceed 600 bpm (McNeal et al., 2014).
Similarly to heart rate, paused duration (of ambulation) was found to be
equally high and with low-variability across the four testing groups [Bonded Vehicle
= 253.21 (SEM +/- 5.82) sec, Bonded Drug = 263.17 (SEM +/- 7.57) sec, Stranger
Vehicle = 262.50 (SEM +/- 4.77) sec, Stranger Drug = 263.31 (SEM +/- 6.63) sec],
with no statistically significant differences noted. When compared to data acquired
during days 1 and 5 of the acclimation period, the mean percentage of time spent
paused by all males across all four testing groups during the testing period was
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elevated at 86.89% versus 69.52%. This could be interpreted that the testing period
(with the addition of stressed females) was perceived by all males, regardless of
bond status or injection type, was perceived as more stressful by males than the
testing apparatus alone.
In contrast to heart rate and duration of paused ambulation, instances of
escape directed behavior observed in male prairie voles were relatively small across
all four testing groups (i.e. Bonded Vehicle, Bonded Drug, Stranger Vehicle, and
Stranger Drug), with 2 instances being the highest mean observed. With such low
levels observed, it is possible that escape behavior may be inappropriate as a
measure to viably test the hypotheses proposed in the current protocol, as the
attention of the observing animal was directed primarily to the center of the
apparatus, and not to the perimeter.

Acclimation Period Possibly Ineffective and Produced a Slight Sensitization to the
Testing Apparatus

In addition to results obtained during the testing period, significant elevation
in heart rate and a significant increasing in rearing were observed on day 5 of the
acclimation period when compared to data obtained from day 1. This would suggest
that, contrary to expectations, no habituation, and a possible slight sensitization to
the testing apparatus occurred throughout the acclimation period. Counter to this
evidence, a significant increase in SDNN index was observed on day 5 of the
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acclimation period when compared to day 1. This suggests that some level of
autonomic habituation did occur. These conflicting results could mean that
autonomic habituation takes place more rapidly than SNS and behavioral
habituation to the testing apparatus. If it is the case that the acclimation period did
not result in a complete habituation to the novel-testing environment, then the nonsignificant differences in stress response activation and anxiety-like behavior found
in the current experiment could be a result of the stressful nature of the testing
apparatus in and of itself, thus obfuscating any changes resulting from experimental
manipulations.

The Open Field Could Be Too Stressful of an Environment to Test the Hypotheses
of the Current Experiment

The open field was chosen as the arena for the current experiment as a way
to observe and quantify specific behaviors exhibited by the free-roaming males in a
manner consistent with prior behavioral literature, and because of the ease of
integration with the TST. However, results indicate that introduction to the open
field may be in and of itself too profound of a stressor to obtain clear results of the
vicarious stress response. For instance, previous research using this paradigm found
a significant elevation in circulating plasma corticosterone from basal levels simply
from being placed into an empty open field apparatus for five minutes (Wardwell et
al., 2014), which is precisely why the acclimation period was conducted. As the

176

results of the current study indicate that habituation to the testing apparatus may not
be possible within this species. Thus, future studies will take place in the home cage
of the observer animal. While this may limit the interpretability of behavioral
results, the absence of the stress of a novel environment will allow a clearer picture
of physiological stress response activation as a result of vicarious stress to likely
emerge. Specifically, it is hypothesized that both animals observing a bonded and
stranger partner would show a significant increase in physiological measurements of
stress response activation (i.e. increased heart rate and corticosterone) when
compared to home-cage control measurements, but also that without the additive
effect of the novel environment pushing these measurements to the physiological
“ceiling”, a significant increase in Bonded Vehicle group animals could be detected
when compared to Stranger Vehicle group animals. Furthermore, it would be
hypothesized that the addition of an AVP 1a antagonist would abolish these
differences in Bonded animals, while leaving Stranger animals unaffected.
Taken together, this information suggests that the sensitivity of these
measures of physiological stress response activation and anxiety-like behavior are
ultimately inappropriate to draw concrete conclusions within the testing paradigm
utilized within the current experiment. Furthermore, evidence from the acclimation
period suggests that complete habituation to a novel testing apparatus (something
that is taken as an almost certainty in other rodents) may not be applicable to this
species. Future studies utilizing the current testing paradigm would be best served
utilizing indices with a more appropriate level of sensitivity, or altering the testing
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protocol in an attempt to compensate for these specific shortcomings (i.e. increased
testing time, testing in the home-cage of the observer to eliminate the need for
acclimation to a novel environment). Moving on from the apparent over- or undersensitivity of dependent metrics used and the failure of the acclimation period to
completely habituate animals, we will now discuss the roles of social buffering,
oxytocin, and the pharmacokinetics of MC to help explain the pattern of results
noted when slight differences were observed.

Social Buffering Effects May Overcompensate for Any Increase in Vicarious Stress
Response Activation

As was mentioned previously, social buffering is a key aspect of social
stress. In this phenomenon, the presence of a comparatively less-stressed
conspecific can attenuate the stress response of a partner. This effect has been
observed in both rodents (Kiyokawa et al., 2004) and humans (Gerin et al., 1992;
Thorsteinsson et al., 1998). It is possible that social buffering is a separate, but
related and opposing force to vicarious stress, with a higher-stressed individual
simultaneously promoting a vicarious stress response in a partner as well as
buffering this stress. Conversely, the higher-stress individual can also be buffered
by the less-stressed individual, while simultaneously receiving additional vicarious
stress from the vicarious stress experienced by the less-stressed individual. The net
result being that, over time, an equilibrium is reached, with both individuals
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exhibiting stress resonance that mirrors the stress state of one another, but is
ultimately elevated when compared to a time point prior to the initial stressor onset.
In relation to hypothesis 1a that circulating plasma levels of corticosterone in males
assigned to the Bonded Vehicle group would be elevated in animals of the Stranger
Vehicle group, it is possible that the slight decrease noted in the animals of the
Bonded Vehicle group could be a result of social buffering. This falls in line with
previous research in humans that found that males exhibited significant, step-wise
decreases in salivary cortisol in response to a social stressor when given no social
support, the social support of a stranger, and the social support of a significant other,
respectively (Kirschbaum et al., 1995). In the case of the current paradigm, the
previous bond that existed between the males and females of the Bonded Vehicle
group could have amplified the social buffering mechanism to a point to counteract
and ultimately erase any additional vicarious stress that would have been observed.
This could explain why the diminishment in corticosterone is slight, but did not
reach statistical significance when males from the Bonded Vehicle and Stranger
Vehicle groups were compared. The mechanism responsible for this social buffering
could be largely mediated by the peptide oxytocin, which we will now discuss.

The Role of Oxytocin Possibly Altered Through the Action of MC

The role of oxytocin in parturition, lactation, and maternal behavior has been
known for decades, but this peptide was also recognized as a stress hormone (i.e.
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released in response to various stressors) only as recently as the 1980s (Buckingham
et al., 1997; Pederson & Prang, 1979; Douglas, 2005). Oxytocin is extremely similar
to AVP, differing in only two of nine specific amino acids (Bielsky & Young,
2004). As such, it has been shown that oxytocin has the ability to stimulate AVP 1b
receptors in the pituitary, enhancing the release of ACTH, and ultimately
glucocorticoids (Link et al., 1992; Schlosser et al., 1994). Oxytocin has also been
studied extensively in rodents, including the prairie vole. Specifically, oxytocin has
been shown to facilitate social bonding (Carter, 1998), protect against the negative
behavioral and autonomic effects of social isolation (Grippo, Trahanas,
Zimmerman, Porges, & Carter, 2009), and to reduce corticosterone levels and
anxiety-like behavior in response to stress when administered centrally (Windle,
Shanks, Lightman, & Ingram, 1997).
The action of oxytocin was not specifically considered within the context of
the current hypotheses, given evidence that oxytocin displays higher behavioral
relevance to females than males. Specifically, it has been shown that oxytocin, but
not AVP administration facilitates pair-bond formation in female prairie voles,
while the opposite has been shown for male prairie voles (Insel & Hulihan, 1995;
Winslow et al., 1993). Furthermore, circulating plasma levels of oxytocin have been
shown to be significantly elevated in females (prairie voles and Sprague Dawley
rats) when compared to males, while AVP cell densities within the brain
(specifically the bed nucleus and amygdala) have consistently been shown to be
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elevated across species in males when compared to females (Kramer, Cushing,
Carter, Wu, & Ottinger, 2004; DeVries & Panzica, 2006).
Taking into consideration the prospect that oxytocin released in Bonded
Vehicle male prairie voles was able to counteract any vicarious stress response noted
in circulating corticosterone levels, resulting a slight decrease when compared to
Stranger Vehicle animals, the question still remains as to why Bonded animals that
were injected with MC, an AVP 1a antagonist exhibited the highest circulating
plasma levels of corticosterone. One possible explanation for this result is side
effects of MC. As was mentioned previously, MC has shown antagonistic effects in
vitro and in vivo at the rat oxytocin receptor (Manning et al., 2008). Despite this
antagonistic action, MC was justified for use in the current experiment, as it is the
best described AVP 1a antagonist, specifically in prairie voles. In support of this, not
only has MC shown specific behavioral effects in prairie voles, but it has also
demonstrated differences in these behavioral effects when compared directly to a
separate oxytocin antagonist, suggesting a higher affinity for the AVP 1a receptor
(Cho, DeVries, Williams, & Carter, 1999). With this in mind, it is possible that
oxytocin released as part of a social buffering effect in Bonded Drug animals was
not able to access the oxytocin receptor due to the MC antagonistic effects. This
could then result in an increase in centrally available oxytocin that inadvertently
stimulated AVP 1b receptors of the pituitary, resulting in a CRH potentiated release
of ACTH, and ultimately the elevated corticosterone levels that were observed.
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Instances of rearing in all locations within the testing apparatus (i.e. center
and surround) were equally, although non-significantly elevated in male prairie
voles assigned to the Bonded groups, regardless of injection type (i.e. Vehicle or
Drug). Male prairie voles assigned to the Stranger Vehicle group displayed a slight
decrease with animals allocated to the Stranger Drug group showing the lowest
mean number of instances. The elevated rearing observed in male prairie voles of
the Bonded groups could be indicative of both increased anxiety-like behavior and
increased investigation of the center due to familiarity with the female. This could
explain why there was less rearing observed in male prairie voles of the Stranger
Vehicle group (through reduced familiarity with the female) and even further
reduction observed in male prairie voles of the Stranger Drug group (through
reduced familiarity with the female plus anxiolytic action of MC).
As was mentioned previously, MC is known to have limited brain
penetrability (Manning et al., 2012). It is for this reason that studies that have
utilized the drug successfully within the prairie vole to affect behavior in the past
have done so with central administration (Winslow et al., 1993; Cho et al., 1999).
Given the nature of the current experiment (i.e. telemetric implantation, long term
pairing), the typical method of central administration (i.e. intraventricular
cannulation) was not feasible (i.e. two major surgeries conducted on one animal
could produce unforeseen confounds). Prior research has shown MC affects
behavior in other species of rodent when administered through intraperitoneal
injection of at the dosage of 2mg/kg (Ferris et al, 2006). Taking this information
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into account, the current experiment administered 2mg/kg of Manning Compound to
animals 90 minutes prior to testing. It is possible despite previous research finding
significant alterations in behavior at this dosage in other species, that the brain
penetrability of the drug was inadequate to successfully alter behavior with this
method of administration within this species. To specifically examine the hypothesis
that the AVP 1a receptor is a mediator of vicarious stress, future studies will need to
be conducted with an AVP 1a antagonist with higher CNS penetrability and lower
OT receptor antagonism as they become available. Future studies will be able to
address this issue through alternate forms of AVP 1a antagonist that are in the
process of Federal Drug Administration approval, but are unable to be obtained at
the time of experimentation (i.e. SRX 246, Azevan Pharmaceuticals). Previous
research utilizing this drug has already found increased, dose dependent effects on
aggressive behavior in Syrian hamsters when compared to Manning Compound. In
addition, SRX 246 has been shown to be orally active (Ferris et al., 2006). Given its
increased brain penetrability and the ability to administer without the stress of
injection, it is reasonable to suggest that SRX 246 would be an ideal candidate to
test the hypotheses proposed in future studies. Should this occur, it would be
hypothesized that SRX 246 would significantly reduce indices of stress response
activation and anxiety-like behavior in Bonded animals, while leaving Stranger
animals unaffected. Until these types of antagonists become available, an alternate
method could utilize the current protocol without the telemetric surgery and with the
addition of intracerebroventricular administration of other currently available AVP
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1a antagonists that have higher specificity, but lower brain penetrability
characteristics.

Large Statistical Variability Noted in Many Dependent Variables

A power analysis was conducted prior to commencement of experimentation
to determine appropriate group sizes to examine the hypotheses proposed. The novel
nature of the current testing paradigm precluded power analysis of the exact
parameters contained herein, but approximations of results obtained examining
similar dependent measures were used. This power analysis found that, at most, six
animals would be necessary per group to determine significant differences. For this
reason, eight animals per group were utilized to account for experimental attrition.
While significant outliers were not detected in the majority of dependent measures
utilized, high variability observed could account for the lack of statistical
significance found. This could mean that the hypotheses examined do not have
sufficient power for the sample sizes used to detect. Specifically, high levels of
variability noted in plasma corticosterone and behavioral measures such as rearing,
may be diminished, especially if other possible methodological issues are addressed
in conjunction to an increase in sample size. Future studies will address this issue by
increasing the number of subjects per group to 12. This means, with the expected
experimental attrition, we can expect final sample sizes of 10 per group. This
increase in sample size would likely increase the power of the experiment to detect
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more subtle differences present as a result of acute exposure to vicarious stress,
allowing for more concrete conclusions to be drawn.

Females May Be More Susceptible to Vicarious Stress than Males

The current experiment tested male animals for evidence of enhanced
vicarious stress and the role of the AVP 1a receptor. Males were utilized as a starting
point to examine these novel research questions for several reasons, including
increased levels of AVP found throughout the brain, an enhanced role of AVP in
bonding behavior, and the possibility of having a stronger physiological stress
response and more readily observable coping mechanisms due to increased
protective or territoriality behaviors. Research has shown that stress may effect
females differently than males. For instance, female mice have been shown to
demonstrate enhanced susceptibility to behavioral despair in response to chronic
stress when compared to males (Sachs, Ni, & Caron, 2014). In addition, a separate
study found that the neuroendocrine responses to social isolation were more
pronounced in females when compared to males (Grippo et al., 2007c). Not only
may stress affect females differently, but the reaction to others stress may be
different in females as well. A highly cited review of the relevant literature
conducted nearly 40 years ago found strong evidence for a higher level of empathy
in females when compared to males, with an enhanced tendency to imagine being in
another’s situation (Hoffman, 1977). Given that females may be more susceptible to
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social stress than males, and possibly possesses an increased capacity for empathy,
it is reasonable to hypothesize that enhancement of vicarious stress in females could
be more readily observed in bonded when compared to stranger animals. This
enhancement however, may not be mediated by AVP, as this peptide does not
appear to have the same role in bonding as is found in males, but rather through the
closely related peptide oxytocin. Future studies will directly compare male and
female reactions to vicarious stress with a prior established bond, and will
investigate possible role of oxytocin in mediating vicarious stress effects through
the administration of an oxytocin receptor antagonist.

Difficulty of Measuring Vicarious Stress in Microtus Ochrogaster

It is possible, given the results of the current study, that vicarious stress may
be difficult or impossible to measure within this species, as social buffering effects
may counteract any vicarious stress increases that may occur. This may be due to an
enhanced bonding ability (compared to other rodents) that amplifies social
buffering, even when the animal providing the social buffering is experiencing
elevated stress, coupled with decreased cognitive ability (compared to humans), that
does not allow for testing without direct contact, thus minimizing these social
buffering effects. For instance, in studies examining vicarious stress in humans (i.e.
Engert et al., 2014), use of a one-way mirror can maximize exposure to the
observer, while possibly minimizing social buffering effects, as there is a physical
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separation between the actor and observer. This relies on the cognitive ability of the
observer to understand that what is being witnessed is happening in real time, a
recognition of the target, as well as an understanding that the target is not physically
occupying shared space. Unfortunately, these assumptions cannot be made of any
rodent species. Previous research using this paradigm has suggested possible
vicarious stress and social buffering however, as a step-wise decrease in stress
response was noted in animals experiencing a stressor alone, experiencing a stressor
with an observer, observing an animal experiencing a stressor, and exposed to an
empty open field apparatus alone (Wardwell et al., 2014). Future testing within this
species that incorporate the changes suggested above will help to better elucidate the
possible utility of this species in examining this issue.

Conclusions

Unfortunately, the lack of statistically significant differences found in the
current experiment precludes the formation of firm conclusions regarding the role of
social bonds and the mediating influence of AVP in the formation of vicarious
stress. This is because, in the current study, primary indices of stress response
activation in vicarious observers of stress appeared to be unaffected by the presence
or absence of a prior established bond between the actor and observer. Furthermore,
the addition of an AVP 1a antagonist failed to ameliorate the effects of vicarious
stress, regardless of the type of bond (i.e. Bonded vs. Stranger). The lack of
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significant differences in the current study could suggest that vicarious stress cannot
be measured within this species. However, the data from previous work gained
concerning the lack of habituation and possible sensitization to novel testing
apparatuses within Microtus ochrogaster is a valuable addition to the knowledge
base of this socially unique species. Future studies without acclimation periods, that
take place within the home cage of the testing animal, and that utilize alternative
stressors could provide stronger evidence for the role of prior established
relationship and the AVP 1a receptor in the experience of vicarious stress. This
information could inform future research, and ultimately provide a better
understanding of the mechanisms underlying the spread of stress within social
systems.
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